
AEDC-TR-76-19 ~"~ 
a':. . j  

AN INVESTIGATION OF AUTOFRETTAGING LOOSE 

LINERS INTO THICK SHELLS - THEORY AND 

EXPERIMENT 

t r 
VON KARMAN GAS DYNAMICS FACILITY 

ARNOLD ENGINEERING DEVELOPMENT CENTER 
AIR FORCE SYSTEMS COMMAND 

ARNOLD AIR FORCE STATION, TENNESSEE 37389 

March 1976 

Final Report for Period December 1972 - October 1974 

I • I Approved for public release; distribution unlimited. 

Prepared for 

DIRECTORATE OF TEST (XO) 
ARNOLD ENGINEERING DEVELOPMENT CENTER 
ARNOLD AIR FORCE STATION, TENNESSEE 37389 



• . 0 

~ .  j , ,  

NOTICES 

When U. S. Government drawings specifications, or other data are used for 
any purpose other than a definitely related Government procurement 
operation, the Government thereby incurs no responsibility nor any 
obligation whatsoever, and the fact that the Government may have 
formulated, furnished, or in any way supplied the said drawings, 
specifications, or other data, is not to be regarded by implication or 
otherwise, or in any manner licensing the holder 6r any other person or 
corporation, or conveying any rights or permission to manufacture, use, or 
sell any patented invention that may in any way be related thereto. 

Qualified users may obtain copies of  this report from the Defense 
Documentation Center. 

References to named commercial products in this report are not to be 
considered in any sense as an endorsement of  the product by the United 
States Air Force or the Government. 

This report has been reviewed by the Information Office (OI) and is releasable 
to the National Technical Information Service (NTIS). At NTIS, it will be 
available to the general public, including foreign nations. 

APPROVAL STATEMENT 

This technical report has been reviewed and is approved for publication. 

FOR THE COMMANDER 

CARL J. SCHULZE 
Major, USAF 
Chief Air Force Test Director, VKF 
Directorate of  Test 

CRAIG E. MAHAFFY 
Colonel, USAF 
Director of  Test 



UNCLASSIFIED 
REPORT DOCUMENTATION PAGE READ INSTRUCTORS 

BEFORE COMPLETING FORM 
I REPORT NUMBER 12. GOVT A C C E . I O N  NO ) RECIPIENT'S CATALOG NUMBER 

A E D C . T R - 7 6 - 1 9  I 
4. T ITLE  ( ~ d  Submllle) 

AN INVESTIGATION O~ AUTOFRETTAGING LOOSE 
LINERS INTO THICK SHELLS - THEORY AND 
EXPERIMENT 

1. AU TMOR(s) 

D e n n i s  T. Aker s  and G e r a l d  F. G i l l i s ,  
ARO, I n c .  

9 PERFORMING ORGANiZATiON NAME AND ADDRESS 

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (XO) 
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e  37389 

I I .  CONTROLLING OFFICE NAME AND ADDRESS 

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  
C e n t e r  (DYFS) 
A r n o l d  A i r  F o r c e  S t a t i o n  r T e n n e s s e e  37389 
14. MONITORING AGENCY NAME & ADDRESS(J /d l l l s r~ t  I~m C~ltol l ln~ Offlc~ 

16. DISTRIBUTION STATEMENT (4)1 thlc ReporQ 

S. TYPE OF REPORT & PERIOD COVERED 

F i n a l  R e p o r t - D e c e m b e r  
1972 - O c t o b e r  1974 

6. PERFORMING ORG. REPORT NUMBER 

B. CONTRACT OR GRANT NUMBER(a) 

10. PROGRAM ELEMENT. PROJECT, TASK 
AREA & WORK UNIT NUMBERS 

P r o g r a m  E l e m e n t  6 5 8 0 7 F  

IZ. REPORT DATE 

March 1976 
13. NUMBER OF PAGES 

78 
16. SECURITY CLASS. ~ef thlc tepetQ 

UNCLASSIFIED 
1So. DEGLASSI FIG ATION/DOWNGRADING 

SCHSOu-E N/A 

A p p r o v e d  f o r  p u b l i c  r e l e a s e ;  d i s t r i b u t i o n  u n l i m i t e d .  

17. DISTRIBUTION STATEMENT (e l  the obst,act oniered In Block 30, I I  dllferenf ln)m ReporQ 

liB. SUPPLEMENTARY NOTES 

A v a i l a b l e  i n  DDC 

19. KEY WORDS (Conlinue ~ reverse 4 | ~  i f  necceao~ md I ~ n t i ~  by block nmbeQ 

t e s t  m e t h o d s  l a u n c h  t u b e  
! p r e s s u r e  ( a u t o f r e t t a g e )  t i m e  ( p r e s s u r e - h o l d i n g )  
b a l l i s t i c  ( h y p e r )  s t r a i n  g a g e s  
r a n g e  

'20. ABSTRACT (Continue on rever ie  side U necceewF and |donl | ty bY block num~fJ  

L o c a l  c r a t e r i n g  o f  t h e  e x p e n s i v e ,  h i g h - s t r e n g t h  l a u n c h  tub&s 
o f  t h e  AEDC 1 , 0 0 0 - f t  H y p e r b a l l i s t i c  Range (G), ha s  o c c u r r e d  when 
s a b o t s  f a i l e d  i n  t h e  l a u n c h  t u b e  and a l l o w e d  t h e  mode l  to  i m p a c t  
t h e  s u r f a c e  o f  t h e  b o r e .  The e x p e n s e  and l o n g  l e a d  t i m e  r e q u i r e d  
t o  r e p l a c e  s u c h  l a u n c h  t u b e s  n e c e s s i t a t e d  t h e  d e v e l o p m e n t  o f  a 
r e p a i r  t e c h n i q u e  t o  i n c r e a s e  t h e  l i f e  o f  t h e  l a u n c h  t u b e .  The 
t e c h n i q u e  d e v e l o p e d  c o n s i s t s  o f  h o n i n g  t h e  l a u n c h  t u b e  t o  a s i z e  

FoRM 1473 EO, T.O. OF, .OVGSISOESOLETE D D  , JAN 73 

UNCLASSIFIED 



UNCLASSIFIED 

20. ABSTRACT (Continued) 

l a r g e  e n o u g h  t o  r e l i n e  w i t h  a low c o s t ,  low c a r b o n ,  s t e e l  t u b e .  
The l i n e r  i s  a u t o f r e t t a g e d  i n t o  p l a c e ;  h o w e v e r ,  some d i f f i c u l t y  
h a s  b e e n  e x p e r i e n c e d  i n  p r e d i c t i n g  t h e  p r e s s u r e  r e q u i r e d  t o  
f i r m l y  s e a t  t h e  l i n e r s .  The p u r p o s e  o f  t h e  s t u d y  r e p o r t e d  
h e r e i n  was  t o  d e t e r m i n e  a m o r e  a c c u r a t e  way t o  p r e d i c t  a d e q u a t e  
a u t o f r e t t a g e  p r e s s u r e s .  I n  t h e  work  r e p o r t e d ,  a l O - t n . - l o n g  
s e c t i o n  o f  a h i g h - p r e s s u r e  l a u n c h  t u b e  was u s e d  t o  s i m u l a t e  t h e  
a c t u a l  p r o c e d u r e .  C o n t a c t  p r e s s u r e  b e t w e e n  t h e  s h e l l  and  t h e  
l i n e r  was  m o n i t o r e d  by  m e a n s  o f  s t r a i n  g a g e s  c e m e n t e d  t o  t h e  
o u t s i d e  o f  t h e  o u t e r  s h e l l .  V a r i a b l e s  s u c h  a s  l i n e r - s h e l l  
c l e a r a n c e ,  p r e s s u r e  l e v e l ,  p r e s s u r e - h o l d i n g  t i m e ,  o u t s i d e  
d i a m e t e r  o f  t h e  o u t e r  s h e l l ,  a n d  p r e s s u r e  c y c l i n g  w e r e  c o n s i d e r e d .  
Of t h e s e  v a r i a b l e s  o n l y  t h e  p r e s s u r e  l e v e l  a n d  t h e  o u t s i d e  
d i a m e t e r  o f  t h e  o u t e r  s h e l l  h a d  a n y  m a r k e d  e f f e c t  on  l i n e r  
s e a t i n g .  

ArBC 
A~old AL~3 'r'elm 

UNCLASSIFIED 



AEDC-TR-76-19 

PREFACE 

The work  r e p o r t e d  h e r e i n  was c o n d u c t e d  by  t h e  A r n o l d  
E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (AEDC), A i r  F o r c e  S y s t e m s  
Command (AFSC), u n d e r  P r o g r a m  E l e m e n t  65807F .  The r e s u l t s  
o f  t h e  r e s e a r c h  w e r e  o b t a i n e d  by ARO, I n c .  (a s u b s i d i a r y  
o f  S v e r d r u p  & P a r c e l  and  A s s o c i a t e s ,  I n c . ) ,  c o n t r a c t  
o p e r a t o r  o f  AEDC, AFSC9 A r n o l d  A i r  F o r c e  S t a t i o n ,  
T e n n e s s e e .  The work  was d o n e  u n d e r  ARO P r o j e c t  Number 
V45G. The a u t h o r s  o f  t h i s  r e p o r t  w e r e  D e n n i s  T. A k e r s  
and  G e r a l d  F. G i l l i s ,  ARO, I n c .  The m a n u s c r i p t  (ARO 
C o n t r o l  No. ARO-VKF-TR-75-79)  was s u b m i t t e d  f o r  p u b l i c a -  
t i o n  on J u n e  16,  1975 .  
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1.0 INTRODUCTION 

F r e e - f l i g h t  t e s t  work  a t  AEDC h a s  p r i m a r i l y  b e e n  d o n e  i n  
t h e  H y p e r b a l l i s t i c  R a n g e s  (G) a n d  (K) o f  t h e  v o n  K~rm~n Gas 
D y n a m i c s  F a c i l i t y  (VKF).  The t e s t  u s u a l l y  i n v o l v e s  a m o d e l  
a n d  a s a b o t  l a u n c h e d  a t  v e r y  h i g h  v e l o c i t i e s .  The m o d e l  
l a u n c h e r  t y p i c a l l y  i n v o l v e s  a 3 5 - f t - l o n g ,  2 . 5 - i n . - i n s i d e  
d i a m e t e r  ( I D ) ,  s m o o t h  b o r e ,  l a u n c h  t u b e .  Due t o  h i g h  m o d e l -  
s a b o t  a c c e l e r a t i o n  l o a d s ,  o c c a s i o n a l  f a i l u r e s  o c c u r  c a u s i n g  
l o c a l  g o u g i n g  o r  c r a t e r i n g  o f  t h e  l a u n c h  t u b e  b o r e .  

S i n c e  l a u n c h  t u b e s  a r e  v e r y  e x p e n s i v e  (20 t o  30 t h o u s a n d  
d o l l a r s ) ,  s e v e r a l  m e t h o d s  o f  r e p a i r i n g  t hem h a v e  b e e n  
c o n s i d e r e d .  L o c a l  w e l d i n g  was i n v e s t i g a t e d  b u t  t h e  h i g h -  
c a r b o n  c o n t e n t  o f  t h e  m a t e r i a l  ( 0 . 2 8  t o  0 . 3 8 ,  N a t i o n a l  F o r g e  
a l l o y  NA-14) c a u s e d  c r a c k i n g  a r o u n d  t h e  w e l d s .  A n o t h e r  
m e t h o d  o f  u s i n g  m o l t e n  p o w d e r e d  f i l l e r  m a t e r i a l  was  d i s c a r d e d  
b e c a u s e  o f  p o o r  a d h e r e n c e  t o  t h e  p a r e n t  m e t a l .  S t i l l  a n o t h e r  
m e t h o d  c o n s i d e r e d  i n v o l v e d  b o r i n g  o u t  t h e  l a u n c h  t u b e  t o  a 
new ID a n d  r e l i n i n g  w i t h  a h i g h - s t r e n g t h  l i n e r .  The i d e a  was  
t o  u s e  a s h r i n k - f i t  o r  t i g h t - f i t  c o n s t r u c t i o n  a n d  a l i n e r  o f  
s u f f i c i e n t  s t r e n g t h  t o  w i t h s t a n d  t h e  p r e s s u r e .  Upon f u r t h e r  
c o n s i d e r a t i o n ,  i t  b e c a m e  a p p a r e n t  t h a t  t h e  l i n e r  w o u l d  b e  
e x p e n s i v e ,  r e q u i r e  c l o s e  t o l e r a n c e  m a c h i n i n g  on b o t h  t h e  
o u t s i d e  d i a m e t e r  (OD) a n d  ID,  r e q u i r e  d i f f i c u l t  a s s e m b l y  
o p e r a t i o n s ,  a n d  t h e  l i n e r  w o u l d  a l s o  h a v e  a h i g h - c a r b o n  c o n -  
t e n t  w h i c h  w o u l d  r u l e  o u t  w e l d  r e p a i r  i f  i t  b e c a m e  d a m a g e d .  
T h u s j  t h e  m e t h o d  f i n a l l y  u s e d  was t o  b o r e  o u t  t h e  l a u n c h  t u b e  
a n d  a u t o f r e t t a g e  a l o w - c a r b o n ,  l o w - s t r e n g t h ,  e x p e n d a b l e  l i n e r  
i n t o  t h e  l a u n c h  t u b e .  The m a t e r i a l  s e l e c t e d  was 1026 s t e e l  
w h i c h  i s  r e a d i l y  w e l d a b l e  a n d  t h u s  c o u l d  b e  r e p a i r e d  by t h e  
" F i r e c r a c k e r "  w e l d i n g  t e c h n i q u e  ( R e f .  1 ) .  

The p r o c e d u r e  a d o p t e d  was t o  a s s e m b l e  t h e  two s h e l l s  a s  
a l o o s e  f i t  a n d  p l a s t i c a l l y  s w e l l  t h e  i n n e r  o n e  i n t o  t h e  
o u t e r  s h e l l  w i t h  an  i n t e r n a l  p r e s s u r e .  To b e  a c c e p t a b l e ,  a 
t i g h t  i n t e r f e r e n c e  h a d  t o  be  a c h i e v e d  s o  t h a t  no s l i d i n g  
b e t w e e n  t h e  two s h e l l s  w o u l d  o c c u r  u n d e r  t h e  h i g h  a x i a l  
a c c e l e r a t i o n  l o a d s  s u s t a i n e d  d u r i n g  f i r i n g .  I f  s l i d i n g  
o c c u r r e d ,  a g a p  w o u l d  o p e n  up  b e t w e e n  t h e  l a u n c h  t u b e  and  
h i g h - p r e s s u r e  s e c t i o n ,  damage  t h e  s a b o t ,  a n d  p o s s i b l y  c a u s e  
a l a u n c h  f a i l u r e  a n d  t u b e  d a m a g e .  

A n o t h e r  r e q u i r e m e n t  was t o  k e e p  t h e  l i n e r  t h i n  t o  
m i n i m i z e  m a t e r i a l  r e m o v a l  f r o m  t h e  o u t e r  s h e l l .  I n  t h e  
e v e n t  o f  a l i n e r  f a i l u r e ,  t h e  o u t e r  s h e l l  w o u l d  h a v e  t o  
s a f e l y  c o n t a i n  t h e  p r e s s u r e .  I n  c o n t r a s t ,  a r e a s o n a b l e  
l i n e r  t h i c k n e s s  was  r e q u i r e d  t o  p e r m i t  m a c h i n i n g  i n  3 5 - f t  
l e n g t h s .  A n o m i n a l  0 . 2 5 - i n .  w a l l  was s e l e c t e d  a s  a 
r e a s o n a b l e  l i n e r .  

7 
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Preliminary discussions with the supplier of the liner 
material revealed that they could supply rolled, resistance 
welded, cold worked, 1026 carbon steel liners with nominal 
inside and outside diameters of 2.5 and 3.0 in. The material 
has a specified yield strength of 75,000 psi and an ultimate 
of 85,000 psi. These liners were secured to one-half commer- 
cial straightness (0.015 in any three feet as measured on a 
surface plate with a feeler gage) at a cost of ~2.25 per foot. 
The tube OD was then centerless ground to close tolerance at 
a cost of ~1.40 per foot. The centerless grinding duplicated 
the out-of-straightness (waviness) of the tube as fabricated 
and resulted in a constant wall thickness liner. 

O b v i o u s l y ,  t h e  l a c k  o f  s t r a i g h t n e s s  c o u l d  p r o d u c e  s o m e  
i n t e r f e r e n c e  o n  i n s e r t i o n  o f  t h e  l i n e r  i n t o  t h e  t u b e .  F o r  
e x a m p l e ,  i f  t h e  l i n e r  h a d  t h e  m a x i m u m  bow o f  0 . 0 0 5  i n . / f t  
f r o m  o n e  e n d  t o  t h e  o t h e r ,  t h e  m a x i m u m  d e v i a t i o n  a t  t h e  
c e n t e r  w o u l d  b e  0 . 0 8 7 5  i n .  B a s e d  o n  a c e n t r a l l y  l o a d e d ,  
s i m p l y  s u p p o r t e d  b e a m  a n a l o g y ,  t h e  l a t e r a l  f o r c e  r e q u i r e d  a t  
t h e  c e n t e r  t o  b e n d  t h e  l i n e r  e n o u g h  t o  c o r r e c t  t h i s  s t r a i g h t -  
n e s s  d e v i a t i o n  w o u l d  b e  

N = 48EI y (1) 
13 

w h e r e  

E = m o d u l u s  o f  e l a s t i c i t y  = l b / i n  2 • # 

I - - m o m e n t  o f  i n e r t i a  = i n  4 

= length of the liner = in. 

a n d  

y = r e q u i r e d  d e f l e c t i o n  = i n .  

H a l f  t h i s  v a l u e  w o u l d  b e  n e c e s s a r y  a t  e a c h  e n d .  
a n c e  w e r e  p r o v i d e d ,  

I f  n o  c l e a r -  

4 8 ( 3 0  x 106  ) ~ / 6 4  ( 3 4  - 2 . 5 4  ) ( 0 . 0 8 7 5 )  
N -- 

( 3 5  x 1 2 )  3 

N = 3 . 5  l b .  

An a x i a l  f o r c e  w o u l d  h a v e  t o  b e  a p p l i e d  t o  o v e r c o m e  t h e  
f r i c t i o n  g e n e r a t e d  b y  t h e  a b o v e .  T h i s  f o r c e  w o u l d  b e  

8 
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(2) 

w h e r e  

= coefficient of friction. 

For a coefficient of friction of 0.2, 

F = 2 ( 0 . 2 )  ( 3 . 5 )  = 1 . 4  l b .  (3) 

A w o r s e  c a s e  c o u l d  be  c r e a t e d  by  t h e  d e a d w e i g h t  d e f l e c -  
t i o n  o f  t h e  t u b e .  A g a i n  a s s u m i n g  a s i m p l y  s u p p o r t e d  t u b e ,  
t h i s  d e f l e c t i o n  w o u l d  b e  a b o u t  4 . 2  i n .  The l a t e r a l  f o r c e  
r e q u i r e d  a t  t h e  c e n t e r  t o  c o r r e c t  t h i s  d e v i a t i o n  w o u l d  b e  

N = 168 l b  

The r e s u l t i n g  f r i c t i o n  f o r c e  w o u l d  be  

F = 67 l b .  

These are, of course, trivial forces; however, the~e 
are other conditions that could be worse. Probably, the 
worst case would be a complete reversal of curvature every 
three feet with a 0.015-in. deviation every three feet. 
Allowance was made for this condition in the clearance be- 
tween the liner and launch tube. In addition, a maximum of 
0.013-in. diametrical clearance appeared reasonable for easy 
assembly of the liner into the launch tube. Hence, the 
initial calculations were based on the assumption that the 
liner might have to grow plastically as much as 0.028 in. 

From Eq.  ( A - 3 6 ) ,  t h e  p r e s s u r e  r e q u i r e d  t o  f u l l y  y i e l d  
t h e  l i n e r  was c a l c u l a t e d  t o  be  

P f  = 1 2 , 9 9 0  p s i .  (4) 

From Eq.  ( A - 4 ) ,  t h e  p r e s s u r e  r e q u i r e d  t o  c l o s e  t h e  0 . 0 2 8 -  
i n .  d i a m e t r i c a l  g a p  was c a l c u l a t e d  t o  b e  

P i  = 72,500 psi. (5)  

H e n c e ,  i f  t h e  s h e l l  r e m a i n e d  e l a s t i c ,  a p r e s s u r e  o f  7 2 , 5 0 0  
p s i  w o u l d  b e  j u s t  s u f f i c i e n t  t o  c l o s e  t h e  0 . 0 2 8 - i n .  d i a m e t -  
r i c a l  g a p .  S i n c e  t h i s  p r e s s u r e  i s  g r e a t e r  t h a n  f u l l  w a l l  
y i e l d  p r e s s u r e ,  t h e  l i n e r  w o u l d  b e c o m e  c o m p l e t e l y  p l a s t i c  
b e f o r e  t h e  gap  c o u l ~  be  c l o s e d  a n d  s h o u l d  p l a s t i c a l l y  f l o w  

9 
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i n t o  i n t i m a t e  c o n t a c t  w i t h  t h e  o u t e r  s h e l l  p r o v i d e d  i t  h a s  
s u f f i c i e n t  d u c t i l i t y .  T h i s  p l a s t i c  f l o w  w o u l d  r e q u i r e  an 
e l o n g a t i o n  on t h e  p a r t  o f  t h e  l i n e r  o f  

P e r c e n t  e l o n g a t i o n  = 0 . 0 2 8  
3 . 0  

(100 p e r c e n t )  (6) 

= 0 . 9 3  p e r c e n t .  

The d e f l e c t i o n  o f  t h e  l i n e r  l a u n c h  t u b e  a s s e m b l y  d u r i n g  
f i r i n g  w o u l d  h a v e  t o  be  s u p e r p o s e d  o n t o  t h i s  v a l u e  t o  o b t a i n  
t h e  t o t a l  e l o n g a t i o n  r e q u i r e m e n t s  o f  t h e  l i n e r .  P r e l i m i n a r y  
c a l c u l a t i o n s  r e v e a l e d  t h a t  an  a d d i t i o n a l  0 . 4 7 - p e r c e n t  e l o n -  
g a t i o n  w o u l d  b e  r e q u i r e d  i n  t h e  w o r s t  c a s e  ( 7 - i n . - O D  l a u n c h  
t u b e  w i t h  p i  ffi 75~000 p s i ) .  Thus ,  t h e  t o t a l  e l o n g a t i o n  
r e q u i r e d  o f  t h e  l i n e r  w o u l d  b e  1 . 4  p e r c e n t .  The s p e c i f i c a -  
t i o n  f o r  t h e  m a t e r i a l  r e q u i r e d  a min imum v a l u e  o f  t h r e e -  
p e r c e n t  e l o n g a t i o n  t o  p r o v i d e  some m a r g i n  o f  s a f e t y .  

I n  r e l i n i n g  t h e  l a u n c h  t u b e s ,  q u e s t i o n s  a r o s e  as  t o  t h e  
p r e s s u r e  l e v e l  r e q u i r e d  t o  f i r m l y  s e a t  t h e  l i n e r  a g a i n s t  t h e  
o u t e r  s h e l l ,  r e q u i r e d  h o l d  t i m e  a t  t h i s  p r e s s u r e  l e v e l ,  
a d v a n t a g e s  o f  m u l t i p l e  c y c l e s  t o  t h i s  p r e s s u r e  l e v e l ,  and  t h e  
l i n e r - t o - s h e l l  c l e a r a n c e  t h a t  w o u l d  p e r m i t  e a s y  a s s e m b l y  o f  
t h e  p a r t s  y e t  n o t  be  s o  g r e a t  as  t o  p r e v e n t  f i r m  s e a t i n g  o f  
~he l i n e r  o r  s t r a i n i n g  o f  t h e  l i n e r  b e y o n d  i t s  c a p a b i l i t y .  
A r b i t r a r y  c o m b i n a t i o n s  o f  t h e s e  p a r a m e t e r s  w e r e  i n i t i a l l y  
c h o s e n  t h a t  i n v o l v e d  a r a t h e r  l e n g t h y  p r o c e d u r e .  A l s o ,  some 
s l i p p a g e  o f  t h e  l i n e r s  r e l a t i v e  t o  t h e  o u t e r  s h e l l  o c c u r r e d  
d u r i n g  u s a g e  o f  t h e  f i r s t  two r e l i n e d  l a u n c h  t u b e s .  I t  b e -  
came a p p a r e n t  t h a t  a m o r e  p r e c i s e  and  m o r e  p r o d u c t i v e  t e c h -  
n i q u e  n e e d e d  t o  be  d e v e l o p e d .  

A t e s t  p r o g r a m  was i n i t i a t e d  t o  g e n e r a t e  t h e  i n f o r m a -  
t i o n  n e e d e d .  S h o r t  v e s s e l s  ( a b o u t  t e n  i n c h e s  l o n g )  w e r e  
d e s i g n e d ,  r e l i n e d ,  and  p r e s s u r i z e d  t o  s i m u l a t e  a c t u a l  l a u n c h  
t u b e  r e l i n i n g .  The r e s u l t s  o f  t h i s  p r o g r a m  a r e  s u m m a r i z e d  
i n  t h e  f o l l o w i n g .  

2.0 OVERSTRAINING PROCEDURES AND SETUP FOR RELINING 
ACTUAL LAUNCH TUBES 

The f i r s t  l a u n c h  t u b e  r e l i n e d  was 7 - i n .  OD and  was 
f a b r i c a t e d  f r o m  NA 14 w h i c h  h a d  a y i e l d  s t r e n g t h  o f  1 5 5 , 0 0 0  
p s i  a n d  an  u l t i m a t e  o f  1 6 8 , 0 0 0  p s i .  T h r e e  l i n e r s  w e r e  
p r e p a r e d  w i t h  t h e  f o l l o w i n g  s p e c i f i e d  o u t s i d e  d i a m e t e r s  i n  
i n c h e s :  

l 0  
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L i n e r  1 

L i n e r  2 

L i n e r  3 

2 . 9 7 8 / 2 . 9 7 5 ,  

2 . 9 8 5 / 2 . 9 8 2 ,  a n d  

2 . 9 9 3 / 2 . 9 9 0 .  

The  s p e c i f i c a t i o n  f o r  t h e  h o n i n g  o f  t h e  l a u n c h  t u b e  r e q u i r e d  
a n  ID o f  3 . 0 0 0  t o  2 . 9 9 8 ;  h o w e v e r ,  t h e  a s - m a c h i n e d  d i a m e t e r  
m e a s u r e d  f r o m  3 . 0 0 0  t o  3 . 0 0 3  i n .  The  i d e a  was  t o  t r y  v a r i o u s  
c l e a r a n c e s  t o  d e t e r m i n e  t h e  m i n i m u m  o n e  t h a t  c o u l d  b e  e a s i l y  
a s s e m b l e d .  ( E x p e r i e n c e  h a s  s i n c e  s h o w n  t h a t  e i t h e r  o f  t h e  
t h r e e  l i n e r s  may b e  i n s e r t e d  i n  t h e  l a u n c h  t u b e  w i t h  no  
d i f f i c u l t y . )  

A l i g h t  f i l m  o f  o i l  was  a p p l i e d  t o  l i n e r  No. 2 a n d  i t  
was  a s s e m b l e d  w i t h  a l a u n c h  t u b e  a s  s h o w n  i n  F i g s .  1 a n d  2 .  
A c r a f t s m a n  was  a b l e  t o  s l i d e  t h e  l i n e r  i n t o  t h e  t u b e  w i t h  
no  d i f f i c u l t y .  R a t h e r  t h a n  t r y  a l i n e r  w i t h  l e s s  c l e a r a n c e ,  
a d e c i s i o n  was  m a d e  t o  p r o c e e d  w i t h  t h e  m e d i u m  c l e a r a n c e  o n e  
a s  a f i r s t  t e s t  o f  t h e  o v e r s t r a i n i n g  c o n c e p t .  

The  a s s e m b l y  was  p r e s s u r i z e d  t o  5 0 , 0 0 0  p s i ,  h e l d  a t  
p r e s s u r e  f o r  a b o u t  15 m i n u t e s ,  a n d  c y c l e d  t h r e e  t i m e s .  The  
5 0 , 0 0 0  p s i  was  a r b i t r a r i l y  c h o s e n  a s  a v a l u e  b e l o w  b o r e  
y i e l d  o f  t h e  o u t e r  s h e l l  a n d  s u f f i c i e n t l y  h i g h e r  t h a n  t h e  
f u l l - w a l l  y i e l d  o f  t h e  l i n e r  ( 1 2 , 9 9 0  p s i ) .  

On d i s a s s e m b l y  a f t e r  p r e s s u r i z a t i o n ,  i t  was  e v i d e n t  t h a t  
p l a s t i c  f l o w  h a d  t a k e n  p l a c e  b e c a u s e  t h e  l i n e r  was  s w a g e d  i n -  
t o  t h e  c a p  s h o w n  i n  F i g .  1 .  E f f o r t s  t o  d r i v e  t h e  n u t  o f f  
c a u s e d  t h e  l i n e r  t o  s l i p  r e l a t i v e  t o  t h e  l a u n c h  t u b e .  The  
a p p a r a t u s  was  r e a s s e m b l e d  a n d  p r e s s u r i z e d  t o  7 1 , 5 0 0  p s i  by  
c o n t i n u o u s l y  p u m p i n g  f o r  f o u r  h o u r s .  The  7 1 , 5 0 0 - p s i  p r e s s u r e  
was  s e l e c t e d  a s  t h e  maximum t h a t  c o u l d  b e  a p p l i e d  w i t h o u t  
s o m e  y i e l d i n g  o f  t h e  o u t e r  s h e l l .  The  t h o u g h t  was  t h a t  i f  
y i e l d i n g  o f  t h e  o u t e r  s h e l l  o c c u r r e d  i t  w o u l d  n o t  r e t u r n  t o  
i t s  o r i g i n a l  d i m e n s i o n s  a n d  t h e  maximum i n t e r f e r e n c e  p r e s s u r e  
w o u l d  n o t  b e  d e v e l o p e d  b e t w e e n  t h e  t w o .  

A f t e r  t h i s  s e c o n d  p r e s s u r i z a t i o n ,  t h e  l i n e r  a p p e a r e d  t o  
b e  f i r m l y  s e a t e d  a g a i n s t  t h e  o u t e r  s h e l l .  An a x i a l  l o a d  o f  
50 t o n s  was  a p p l i e d  t o  t h e  m u z z l e  e n d  t o  v e r i f y  t h e  s e a t i n g  
o f  t h e  l i n e r .  The  m u z z l e  e n d  o f  t h e  l i n e r  s h o r t e n e d  b y  o n e -  
s i x t e e n t h  o f  an  i n c h ;  h o w e v e r ,  t h e  u p s t r e a m  e n d  d i d  n o t  m o v e .  
The  d e f o r m a t i o n  r e m a i n e d  l o c k e d  i n  u p o n  r e m o v a l  o f  t h e  l o a d .  

Relative movement between the liner and tube was detected 
when the launch tube was placed in service. Measurements of 
the liner position relative to the outer shell made after each 
of the first three firings and after the sixth and eighth are 

11 
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Spacer- Collarj / Collar Nut 

co,, r  

Figure 1. Upstream end closure for overstraining a relined 7-in.-OD launch tube. 

Launch Cap 

Liner ~ 2-in. -OO Filler Rod 

Figure 2. Muzzle end closure for overstraining a relined 7-in.-OD launch tube. 
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f 

s h o w n  i n  T a b l e  1 .  T h e  c o n c l u s i o n  r e a c h e d  a t  t h e  t i m e  w a s  
t h a t  t h e  m o v e m e n t  r e s u l t e d  f r o m  r e l a x a t i o n  o f  t h e  s t r e s s e s  
l o c k e d  i n  a s  a r e s u l t  o f  t h e  5 0 - t o n  t e s t  l o a d .  

T h e  e x p e r i e n c e  w i t h  t h i s  f i r s t  t u b e  l e d  t o  t h e  r e c o m -  
m e n d a t i o n  t h a t  t h e  t h i n  f i l m  o f  o i l  o n  t h e  l i n e r  OD a n d  t h e  
a x i a l  t e s t  l o a d  b e  o m i t t e d  f r o m  f u t u r e  t u b e s .  T h e  o i l  w a s  
n o t  n e e d e d  f o r  l i n e r  i n s e r t i o n  a n d  m a y  h a v e  c o n t r i b u t e d  t o  
t h e  m o v e m e n t  p r o b l e m .  

A 5 . 5 - i n . - O D  l a u n c h  t u b e  (SN 0 1 1 )  w a s  a l s o  r e l i n e d  w i t h  
e s s e n t i a l l y  t h e  s a m e  s e t u p  a s  F i g s .  1 a n d  2 .  T h e  a s s e m b l y  
w a s  p r e s s u r i z e d  t o  5 3 , 0 0 0  p s i  a n d  h e l d  f o r  a b o u t  e i g h t  h o u r s .  
A g a i n ,  t h e  5 3 , 0 0 0  p s i  w a s  s e v e r a l  t i m e s  t h e  f u l l - w a l l  y i e l d  
p r e s s u r e  f o r  t h e  l i n e r  a n d  j u s t  b e l o w  t h e  y i e l d  p r e s s u r e  f o r  
t h e  o u t e r  s h e l l .  An a x i a l  t e s t  l o a d  w a s  n o t  a p p l i e d  t o  t h i s  
l a u n c h  t u b e ;  h o w e v e r ,  m o v e m e n t  o f  t h e  l i n e r  o c c u r r e d  d u r i n g  
f i r i n g .  M e a s u r e m e n t s  m a d e  a f t e r  s e v e r a l  s h o t s  a r e  s h o w n  i n  
T a b l e  2 .  T h e s e  m e a s u r e m e n t s  a l s o  r e v e a l  t h a t  t h e  l i n e r  w a s  
s h o r t e n i n g  i n  l e n g t h .  T h i s  c o u l d  p o s s i b l y  b e  e x p l a i n e d  a s  
a P o i s s o n ' s  e f f e c t  c o n t r a c t i o n  r e s u l t i n g  f r o m  i n c r e a s e d  
p l a s t i c  f l o w  i n  t h e  r a d i a l  d i r e c t i o n .  

B e c a u s e  o f  t h e  l i n e r  m o v e m e n t  e x p e r i e n c e d  w i t h  t h e  f i r s t  
t w o  r e l i n e d  t u b e s ,  t h e  d e s i g n  w a s  c h a n g e d  w h e n  a t h i r d  ( 7 - i n .  
OD) r e q u i r e d  r e l i n i n g .  A s h o u l d e r  w a s  i n c o r p o r a t e d  a t  t h e  
u p s t r e a m  e n d  a s  s h o w n  i n  F i g .  3 t o  r e s i s t  s l i d i n g  i n  t h e  
d o w n s t r e a m  d i r e c t i o n .  The  h i g h - p r e s s u r e  s e c t i o n  b u t t s  u p  
a g a i n s t  t h e  t u b e  ( F i g .  4 )  a n d  p r e v e n t s  m o v e m e n t  u p s t r e a m .  
A l o n g  w i t h  t h i s  d e s i g n  c h a n g e ,  t h e  s p e c i f i e d  o v e r s t r a i n  p r e s -  
s u r e s  w e r e  i n c r e a s e d  t o  t h e  m a x i m u m  t h a t  c o u l d  b e  a t t a i n e d  
w h i l e  k e e p i n g  a s a f e t y  f a c t o r  o f  t w o  o n  b u r s t  o f  t h e  o u t e r  
s h e l l  e v e n  i f  t h i s  v a l u e  e x c e e d e d  t h e  y i e l d  p r e s s u r e  o f  t h e  
s h e l l .  F o r  t h e  7 - i n . - O D  t u b e  t h e  s p e c i f i e d  o v e r s t r a i n  p r e s -  
s u r e  l e v e l  w a s  i n c r e a s e d  t o  8 5 , 0 0 0  p s i  a n d  t o  6 0 , 0 0 0  p s i  f o r  
t h e  5 . 5 - i n .  o n e .  

S e v e n - i n . - O D  t u b e s  t h a t  i n c o r p o r a t e  t h e  a f o r e m e n t i o n e d  
r e d e s i g n  h a v e  b e e n  p l a c e d  i n  s e r v i c e .  T h e s e  t u b e s  h a v e  b e e n  
f i r e d  m a n y  t i m e s ,  a n d  no  m o v e m e n t  o f  t h e  l i n e r  h a s  b e e n  
d e t e c t e d .  

An i n t e r e s t i n g  d e v e l o p m e n t  d i d  o c c u r  d u r i n g  t h e  o v e r -  
s t r a i n i n g  o f  t h e  r e d e s i g n e d  l i n e d  l a u n c h  t u b e  a s  s h o w n  i n  
F i g s .  2 a n d  3 .  U p o n  i n i t i a l  p r e s s u r i z a t i o n ,  t h e  m u z z l e  e n d  
" 0 "  r i n g  s e a l  w o u l d  l e a k  a t  a b o u t  1 5 , 0 0 0  t o  1 8 , 0 0 0  p s i .  
T h i s  p r o b l e m  h a d  n o t  o c c u r r e d  w i t h  t h e  v e r s i o n  s h o w n  i n  
F i g s .  1 a n d  2 .  U p o n  r e f l e c t i o n ,  i t  w a s  r e a l i z e d  t h a t  
P o i s s o n ' s  r a t i o  e f f e c t  d u e  t o  t h e  r a d i a l  g r o w t h  u n d e r  p r e s -  
s u r e  a n d  t h e  e n d  l o a d  o f  t h e  p r e s s u r e  w a s  c a u s i n g  t h e  l i n e r  
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Figure 3. Upstream end closure for overstraining the modified version of the 7-in.-OD 
relined launch tube. 
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Figure 4. High-pressure section to launch tube joint. 
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t o  s h o r t e n  p a s t  t h e  s e a l .  E v i d e n t l y ,  t h e  " f r e e  f l o a t i n g "  
v e r s i o n  o f  F i g s .  1 a n d  2 s h o r t e n e d  f r o m  b o t h  e n d s  a n d  t h e  
l i n e r  n e v e r  s l i p p e d  p a s t  t h e  s e a l s .  A l s o ,  t h e  l i n e r  u s e d  
i n  t h i s  c a s e  w a s  s l i g h t l y  s h o r t e r  t h a n  t h o s e  u s e d  i n  p r e v i o u s  
t u b e s .  

A n o t h e r  i n t e r e s t i n g  o b s e r v a t i o n  w a s  m a d e  d u r i n g  t h e  
o v e r s t r a i n i n g  p r o c e d u r e .  A f t e r  a p r e s s u r e  o f  a b o u t  3 5 , 0 0 0  
p s i  h a d  b e e n  a p p l i e d  t o  t h e  c o n f i g u r a t i o n  o f  F i g s .  2 a n d  3 ,  
t h e  m u z z l e  e n d  w a s  d i s a s s e m b l e d  a n d  i t  w a s  n o t e d  t h a t  t h e  
l i n e r  h a d  p e r m a n e n t l y  s h o r t e n e d .  T h e  e x a c t  a m o u n t  o f  t h e  
s h o r t e n i n g  c o u l d  n o t  b e  d e t e r m i n e d  b e c a u s e  t h e  p r o t r u d e d  
l e n g t h  o f  t h e  l i n e r  w a s  n o t  m e a s u r e d  p r i o r  t o  t h e  t e s t .  T h e  
a x i a l  s t r e s s  r e s u l t i n g  f r o m  t h e  p r e s s u r e  a c t i n g  o n  t h e  e n d  
o f  t h e  l i n e r  w a s  b e l o w  t h e  m a t e r i a l  y i e l d  s t r e n g t h ;  t h u s ,  
t h e  s h o r t e n i n g  m u s t  h a v e  o c c u r r e d  a s  a r e s u l t  o f  t h e  s w e l l i n g  
o f  t h e  l i n e r  a s  i t  c l o s e d  t h e  r a d i a l  g a p  b e t w e e n  i t  a n d  t h e  
s h e l l .  The  t u b e  w a s  r e a s s e m b l e d  a n d  p r e s s u r i z e d  t o  7 4 , 0 0 0  
p s i  ( t h e  s p e c i f i e d  8 5 , 0 0 0  p s i  c o u l d  n o t  b e  a p p l i e d  d u e  t o  a 
l i m i t  o n  t h e  a v a i l a b l e  p r e s s u r e  g a g e )  a s  s h o w n  i n  F i g .  5 .  
On d i s a s s e m b l y  i t  w a s  n o t e d  t h a t  t h e  l i n e r  h a d  l e n g t h e n e d  b y  
a b o u t  5 / 8  i n .  d u r i n g  t h e  c y c l e .  The  h i g h  p r e s s u r e s  i n v o l v e d  
m u s t  h a v e  c a u s e d  t h e  l i n e r  t o  e x t r u d e  i n  t h e  a x i a l  d i r e c t i o n .  
T h e s e  r e s u l t s  a r e  a c l e a r  i n d i c a t i o n  o f  t h e  s e v e r e  p l a s t i c  
d e f o r m a t i o n  i m p o s e d  o n  t h e  l i n e r  m a t e r i a l .  

74 - 

72 - 

70 - 

60 I I I I I 
0 I 2 3 4 5 

Time, hr 

Figure 5. Pressure t ime trace for relined launch tube (serial No. 018) .  
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3.0 AUTOFRETTAGE TEST ARTICLE DESCRIPTION 

The typical autofrettage assembly for relining the 35-ft- 
long launch tubes illustrated in Figs. I and 2 shows coupling 
nuts screwed to the outside diameter of the launch tube. 
Theoretically, the end effects resulting from the coupling 
joint will extend as much as 1.5 diameters from the joint. 
T h i s  m e a n s  t h a t  f o r  a 7 - i n . - O D  t u b e ,  a 2 -  t o  3 - f t  l e n g t h  o f  
t u b e  w o u l d  h a v e  t o  b e  t e s t e d  t o  o b t a i n  a c e n t r a l  p o r t i o n  
f r e e  f r o m  e n d  e f f e c t s .  T h u s ,  d u e  t o  t h e s e  e n d  e f f e c t s ,  t h e  
r e q u i r e d  c u m b e r s o m e  h a n d l i n g  o f  m a n y  n u t s ,  a n d  t h e  h i g h c o s t  
o f  l a u n c h  t u b e  m a t e r i a l ,  i t  was  d e c i d e d  t o  u s e  t h e  m u c h  
s i m p l e r  d e s i g n  s h o w n  i n  F i g .  6 .  The  r a d i a l  d i m e n s i o n s  a n d  
t o l e r a n c e s  o f  t h e  t e s t  a r t i c l e  w e r e  s p e c i f i e d  i d e n t i c a l  t o  
t h o s e  i n  t h e  a c t u a l  a u t o f r e t t a g e  a s s e m b l y .  The  s e a l s  w e r e  
d e s i g n e d  t o  a l l o w  f o r  a x i a l  g r o w t h  o f  t h e  c e n t e r  s t u d  a n d  t o  
s e a l  a s  c l o s e  t o  t h e  e n d s  o f  t h e  l i n e r  a s  p r a c t i c a l .  N o t e  
t h a t  t h e  a x i a l  c o m p r e s s i v e  e n d  l o a d  p r e s e n t  on  t h e  l i n e r  ~ o r  
t h e  a c t u a l  a u t o f r e t t a g e  a s s e m b l y  h a s  b e e n  e l i m i n a t e d  f o r  t h e  
t e s t  r i g .  T h i s  s m a l l  d i f f e r e n c e  was  m a d e  t o  r e d u c e  t h e  l e n g t h  
o f  t h e  t e s t  h a r d w a r e  a n d  m a t e r i a l  c o s t s .  The. t e s t  h a r d w a r e  
s h o u l d  y i e l d  r e s u l t s  t h a t  a r e  c o n s e r v a t i v e  a s  d e m o n s t r a t e d  i n  
A p p e n d i x  A, S e c t i o n  A - 5 .  T h a t  i s ,  t h e  t e s t  a r t i c l e  s h o u l d  

Shell ~ '~)"-RinQ Seals 
Filler 

0 0 :  : I I '  

Assembly 
Bolt 

Suppl 

Metal Seals 

Figure 6. Assembly of test article. 

Liner 
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r e q u i r e  s l i g h t l y  h i g h e r  p r e s s u r e s  t o  i n d u c e  a s  m u c h  i n t e r f e r -  
e n c e  b e t w e e n  t h e  l i n e r  a n d  t h e  l a u n c h  t u b e  a s  w o u l d  t h e  
a c t u a l  a u t o f r e t t a g e  a s s e m b l y .  

T h e  t e s t  a r t i c l e  o u t e r  s h e l l s  w e r e  o f  t h e  s a m e  m a t e r i a l  
a s  t h e  a c t u a l  l a u n c h  t u b e s  ( N a t i o n a l  F o r g e  NA 14  a l l o y  w i t h  
~ u l t  ffi 1 5 9 , 0 0 0  p s i  a n d  ~ y l d  ffi 1 4 5 , 0 0 0  p s i ) .  T h e  l i n e r s  f o r  
t h e  t e s t  a r t i c l e  w e r e  a l ~ o  o f  t h e  s a m e  m a t e r i a l  a s  t h e  a c t u a l  
l i n e r s  ( e x t r u d e d  1 0 2 6  c a r b o n  s t e e l  w i t h  o u l t  ffi 8 5 , 0 0 0  p s i  a n d  
t h e  ~ y l d  ffi 7 5 , 0 0 0  p s i ) .  

T h e  t e s t  a r t i c l e  w a s  p r e s s u r i z e d  b y  s u p p l y i n g  h y d r a u l i c  
f l u i d  t h r o u g h  t h e  i n l e t  p o r t  o f  t h e  a s s e m b l y  b o l t  ( F i g .  6 ) .  
The  l o w - p r e s s u r e  O - r i n g  s e a l s  w e r e  d e s i g n e d  t o  s l i d e  a l o n g  
t h e  a s s e m b l y  b o l t  a n d  c o l l a r  a n d  a p p l y  l o a d  o n  t h e  h i g h -  
p r e s s u r e  b e r y l l i u m  c o p p e r  t a p e r e d  r i n g  s e a l s .  T h e  t a p e r e d  
r i n g  s e a l s  w e r e  d e s i g n e d  t o  e x p a n d  a n d  s l i d e  o u t  o n  t h e  
t a p e r e d  s u r f a c e s  s t a y i n g  i n  c o n t a c t  w i t h  t h e  y i e l d i n g  l i n e r .  
A t  h i g h - p r e s s u r e  l e v e l s  t h e  O - r i n g  r u b b e r  s e a l s  p r o b a b l y  
l e a k e d  a n d  t h e  m e t a l  s e a l s  a c t u a l l y  b e c a m e  t h e  p r i m a r y  s e a l s  
f o r  t h e  s y s t e m .  T h e  s e a l  d e s i g n  w a s  s o m e w h a t  u n i q u e  i n  t h a t  
t h e  s e a l  h a d  t o  m a i n t a i n  c o n t a c t  e v e n  t h o u g h  t h e  l i n e r  ID 
w a s  e x p a n d i n g  a s  m u c h  a s  0 . 0 3 8  i n .  a n d  t h e  c e n t e r  s t u d  
l e n g t h e n i n g  0 . 0 7 7  i n .  T h e  s e a l  p r o v i d e d  g o o d  s e r v i c e  u p  t o  
7 5 , 0 0 0  p s i ,  a n d  a l l  o f  t h e  p a r t s  w e r e  r e u s a b l e  s e v e r a l  t i m e s .  

Two s e t s  o f  s t r a i n  g a g e s  w e r e  m o u n t e d  o n  t h e  o u t e r  
s u r f a c e  o f  t h e  o u t e r  s h e l l  d i a m e t r i c a l l y  o p p o s i t e  e a c h  o t h e r  
t o  m o n i t o r  c i r c u m f e r e n t i a l  a n d  l o n g i t u d i n a l  s t r a i n  o f  t h e  
o u t e r  s h e l l .  

I 

4.0 DESCRIPTION OF TEST PROCEDURE AND EQUIPMENT 

4.1 EQUIPMENT 

T h e  o b j e c t  o f  t h e  t e s t  w a s  t o  s u p p l y  a k n o w n  p r e s s u r e  
t o  t h e  t e s t  a r t i c l e  ( s i m u l a t e d  r e l i n e d  l a u n c h  t u b e )  a n d  
m e a s u r e  t h e  t e s t  a r t i c l e ' s  r e s p o n s e .  P r e s s u r e  w a s  s u p p l i e d  
b y  a h y d r a u l i c  p r e s s u r e  i n t e n s i f i e r  ( d e a d w e i g h t  t e s t e r )  a n d  
m e a s u r e d  u s i n g  a H e i s e  p r e s s u r e  g a g e  ( F i g s .  7 a n d  8 ) .  The  
g a g e  u s e d  w a s  t e m p e r a t u r e  c o m p e n s a t e d  a n d  h a d  a s c a l e  r a n g e  
f r o m  0 t o  1 0 0 , 0 0 0  p s i .  T h e  g a g e  w a s  l a s t  c a l i b r a t e d  i n  
N o v e m b e r  1 9 7 3 .  

R e s p o n s e  o f  t h e  t e s t  a r t i c l e  t o  t h e  p r e s s u r e  w a s  d e t e r -  
m i n e d  u s i n g  s t r a i n  g a g e s  m o u n t e d  o n  t h e  o u t e r  s h e l l .  T h e r e  
w e r e  t w o  s e t s  o f  g a g e s  d i a m e t r i c a l l y  o p p o s i t e  e a c h  o t h e r  s o  
t h a t  a c h e c k  o n  t h e  v a l i d i t y  o f  t h e  d a t a  c o u l d  b e  m a d e .  E a c h  
s e t  c o n s i s t e d  o f  o n e  g a g e  m o u n t e d  l o n g i t u d i n a l l y  a n d  o n e  
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Figure 7. Schematic of test setup. 

Figure 8. Photographs of test setup. 

c i r c u m f e r e n t i a l l y .  T h e s e  g a g e s  we re  o f  t h e  f o i l  e l e c t r i c  
r e s i s t a n c e  t y p e  w i t h  a gage  f a c t o r  o f  2 . 0 2 ,  gage  l e n g t h  o f  
0 . 2  i n . ,  and  gage  r e s i s t a n c e  o f  120 ohms.  The g a g e s  w e r e  
b o n d e d  t o  t h e  o u t e r  s h e l l  u s i n g  an epoxy  c e m e n t  and  c u r e d  
a t  room t e m p e r a t u r e  f o r  24 h o u r s .  
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S t r a i n  r e a d i n g s  w e r e  t a k e n  on an  SR-4 S t r a i n  I n d i c a t o r ,  
t y p e  N, made  by  B a l d w i n ,  L i m a ,  a n d  H a m i l t o n .  S i n c e  t h e r e  
w e r e  f o u r  g a g e s  t o  m o n i t o r ,  a s w i t c h i n g  u n i t  was  u s e d  a n d  i t  
was  a B a l d w i n ,  L i m a ,  H a m i l t o n  S w i t c h i n g  a n d  B a l a n c i n g  u n i t ,  
Mode l  No. 225 .  

4.2 PROCEDURE 

The t e s t  p r o c e d u r e  v a r i e d  s o m e w h a t  f o r  e a c h  t e s t  b u t  
h a d  t h e  same  b a s i c  e q u i p m e n t  o p e r a t i o n  p r o c e d u r e .  I t  i s  
a s s u m e d  t h a t  t h e  r e a d e r  i s  f a m i l i a r  o r  c a n  r e a d i l y  o b t a i n  
t h e  p r o c e d u r e  f o r  o p e r a t i n g  a c o m m e r c i a l  h y d r a u l i c  p r e s s u r e  
i n t e n s i f i e r  a n d  no  d e t a i l s  o f  t h a t  p h a s e  o f  o p e r a t i o n  w i l l  
be  p r e s e n t e d  h e r e .  T h u s ,  t h e  b a s i c  o p e r a t i n g  p r o c e d u r e  was 
a s  f o l l o w s :  ( R e f .  F i g .  7)  

. The t e s t  a r t i c l e  was a s s e m b l e d  a n d  a t t a c h e d  t o  
t h e  h i g h - p r e s s u r e  l i n e .  

. A i r  was e x p e l l e d  f r o m  t h e  s y s t e m  by o p e n i n g  v e n t  
v a l v e  1 and  p u m p i n g  h y d r a u l i c  f l u i d  t h r o u g h  t h e  
t e s t  a r t i c l e  u n t i l  f l u i d  r a n  s t e a d i l y  o u t  o f  t h e  
v e n t  l i n e .  

. V e n t  v a l v e  1 was c l o s e d  and  t h e  t e s t  a r t i c l e  
c h a r g e d  t o  t h e  d e s i r e d  p r e s s u r e .  

. Once  d e s i r e d  p r e s s u r e  was r e a c h e d ,  t h e  c h a r g i n g  
u n i t  was s t o p p e d  and  t h e  i n d i c a t e d  s t r a i n  f r o m  
t h e  f o u r  s t r a i n  g a g e s  was r e a d  a n d  r e c o r d e d .  At  
t h i s  p o i n t ,  t h e  p r e s s u r e  c o u l d  b e  m a i n t a i n e d  by 
c l o s i n g  v a l v e  2,  v e n t e d  by  o p e n i n g  v a l v e  1 ,  o r  
i n c r e a s e d  by  a d d i t i o n a l  p u m p i n g  w i t h  t h e  
i n t e n s i f i e r .  

. S t r a i n - g a g e  r e a d i n g s  w e r e  t a k e n  a t  v a r i o u s  p r e s -  
s u r e  l e v e l s  u n t i l  t h e  maximum d e s i r e d  l e v e l  was 
a c h i e v e d .  Gage r e a d i n g s  w e r e  a l s o  r e c o r d e d  a t  
a p p r o x i m a t e l y  t h e  same l e v e l s  a s  t h e  p r e s s u r e  was  
d e c r e a s e d .  S t r a i n - g a g e  r e a d i n g s  w e r e  a l s o  r e c o r d e d  
a t  " 0 "  p r e s s u r e  s o  t h a t  r e s i d u a l  e f f e c t s  c o u l d  b e  
e x a m i n e d .  T h i s  c o m p l e t e d  t h e  f i r s t  c y c l e  a n d  
a d d i t i o n a l  c y c l e s  c o u l d  b e  made by  r e p e a t i n g  s t e p s  
I t h r o u g h  5 .  

. A f t e r  a l l  t e s t i n g  c r i t e r i a  h a d  b e e n  m e t ,  t h e  t e s t  
a r t i c l e  was d i s a s s e m b l e d  a n d  t h e  s h e l l  a n d  l i n e r  
a s s e m b l y  m e a s u r e d  t o  o b t a i n  t h e  o u t s i d e  d i a m e t e r  o f  
t h e  s h e l l ,  l e n g t h  o f  t h e  s h e l l ,  i n s i d e  d i a m e t e r  o f  
t h e  l i n e r ,  a n d  l e n g t h  o f  t h e  l i n e r .  

1 9  
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. The s h e l l  a n d  l i n e r  a s s e m b l y  was  t h e n  t e s t e d  t o  
v e r i f y  t h a t  t h e  l i n e r  h a d  p l a s t i c a l l y , y i e l d e d  
a n d  d e v e l o p e d  a t i g h t  i n t e r f e r e n c e  f i t  w i t h  t h e  
o u t e r  s h e l l .  To do t h i s ,  an  a x i a l  f o r c e  was  
a p p l i e d  t o  t h e  l i n e r  w h i l e  h o l d i n g  t h e  s h e l l .  
(The a x i a l - f o r c e  r e s i s t a n c e  s h o u l d  be  p r o p o r t i o n a l  
t o  t h e  i n t e r f e r e n c e  i n d u c e d  by t h e  a u t o f r e t t a g e  
m e t h o d . )  The t e s t  was p e r f o r m e d  by  a B a l d w i n  
U n i v e r s a l  T e s t i n g  M a c h i n e  w i t h  maximum c a p a b i l i t y  
o f  120 k i p s .  The l o a d  m o n i t o r  d e v i c e  was  a T a t e -  
Emery  Load  I n d i c a t o r  w i t h  an  a c c u r a c y  o f  ±1 p e r -  
c e n t  a n d  c a l i b r a t e d  a n n u a l l y .  

Some o f  t h e  l i n e r s  w e r e  p u s h e d  o u t  by  t h e  a b o v e -  
m e n t i o n e d  m e t h o d ,  a n d  t h e i r  d i m e n s i o n s  m e a s u r e d  
t o  c o r r e l a t e  t h e  a m o u n t  o f  i n t e r f e r e n c e  m e a s u r e d  
w i t h  t h e  s t r a i n - g a g e  r e a d i n g s  o f  r e s i d u a l  s t r e s s .  
The r e s u l t s  o f  t h i s  p r o c e d u r e  a r e  p r e s e n t e d  i n  
S e c t .  8 . 1 .  

4.3 SELECTION OF MAXIMUM AUTOFRETTAGE PRESSURE 

As p r e v i o u s l y  d i s c u s s e d ,  t h e  f i r s t  e f f o r t s  a t  a u t o -  
f r e t t a g i n g  l i n e r s  i n t o  t h e  a c t u a l  l a u n c h  t u b e s  w e r e  b a s e d  
on a p p l y i n g  a p r e s s u r e  o f  5 0 , 0 0 0  p s i  t o  t h e  a s s e m b l y .  The 
5 0 , 0 0 0  p s i  was  a r b i t r a r i l y  c h o s e n  as  a v a l u e  b e l o w  b o r e  y i e l d  
o f  t h e  o u t e r  s h e l l  a n d  s u f f i c i e n t l y  h i g h e r  t h a n  f u l l - w a l l  
y i e l d  o f  t h e  l i n e r .  S u b s e q u e n t  t e s t s  d e m o n s t r a t e d  t h i s  p r e s -  
s u r e  t o  be  i n s u f f i c i e n t ,  a n d  t h e  o v e r s t r a i n  p r e s s u r e s  w e r e  
i n c r e a s e d  t o  t h e  maximum t h a t  c o u l d  be  a t t a i n e d  w h i l e  k e e p i n g  
a s a f e t y  f a c t o r  o f  two on b u r s t  o f  t h e  o u t e r  s h e l l .  B u r s t  o f  
t h e  o u t e r  s h e l l  was  c a l c u l a t e d  as  i f  t h e  p r e s s u r e  a p p l i e d  t o  
t h e  l i n e r  was t r a n s m i t t e d  u n d i m i n i s h e d  t o  t h e  o u t e r  s h e l l .  

F o r  s a f e t y  r e a s o n s ,  t h e  p r e s s u r e s  u s e d  i n  t h e  a u t o -  
f r e t t a g e  t e s t s  d e s c r i b e d  i n  t h i s  r e p o r t  w e r e  a l s o  l i m i t e d  by  
r e q u i r i n g  a s a f e t y  f a c t o r  o f  two on b u r s t  o f  t h e  o u t e r  s h e l l  
a s  d e t e r m i n e d  f r o m  t h e  s t r a i n - g a g e  r e a d i n g s  d u r i n g  t h e  t e s t s .  
I n  p r a c t i c e ,  t h e  t e s t s  a c t u a l l y  w e r e  l i m i t e d  t o  a b o u t  9 0 , 0 0 0  
p s i  b e c a u s e  o f  d i f f i c u l t y  w i t h  t h e  s e a l s  a n d  t h e  p r e s s u r e  
r a t i n g  o f  t h e  t u b i n g  u s e d  t o  p lumb  t h e  r i g .  The t u b i n g  was  
r a t e d  f o r  1 0 0 , 0 0 0  p s i ;  h o w e v e r ,  t h e  s a f e t y  f a c t o r  was  d e e m e d  
m a r g i n a l  a t  t h a t  p r e s s u r e .  A l s o ,  t h e  s e a l s  t e n d e d  t o  l e a k  
a b o v e  7 5 , 0 0 0  p s i  a n d  8 0 , 0 0 0  t o  9 0 , 0 0 0  p s i  s e e m e d  t o  b e  a b o u t  
t h e  maximum a t t a i n a b l e  w i t h o u t  a p p r e c i a b l e  d i f f i c u l t y .  

4.4 ORIGINAL DIMENSIONS OF THE TEST PIECES 

The o r i g i n a l  d i m e n s i o n s  o f  t h e  v a r i o u s  t e s t  p i e c e s  a r e  
t a b u l a t e d  i n  T a b l e  3 .  N o t e  t h a t  l i n e r s  w e r e  m a c h i n e d  w i t h  
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t h r e e  d i f f e r e n t  n o m i n a l  o u t s i d e  d i a m e t e r s :  2 . 9 9 0 ,  2 . 9 8 2 ,  a n d  
2 . 9 7 6  i n .  The  m i d r a n g e  o r  m e d i u m  c l e a r a n c e  ( 0 . 0 2 0  i n . )  l i n e r  
w i t h  a 7 - i n . - O D  s h e l l  was  c h o s e n  a s  t h e  r e f e r e n c e  o r  b a s e l i n e  
t e s t .  A l l  t e s t s  w e r e  p e r f o r m e d  w i t h  t h i s  c o m b i n a t i o n  e x c e p t  
w h e n  e f f e c t s  o f  l i n e r  c l e a r a n c e  o r  o u t e r  s h e l l  t h i c k n e s s  w e r e  
b e i n g  d e t e r m i n e d .  

4.5 INTERPRETATION OF STRAIN-GAGE READINGS 

Two s e t s  o f  s t r a i n  g a g e s  w e r e  m o u n t e d  on  t h e  o u t s i d e  
d i a m e t e r  o f  t h e  o u t e r  s h e l l .  E a c h  s e t  c o n s i s t e d  o f  o n e  
c i r c u m f e r e n t i a l  a n d  o n e  a x i a l l y  o r i e n t e d  g a g e .  D u r i n g  a 
t e s t ,  t h e  p r e s s u r e  was  a p p l i e d  t o  t h e  l i n e r  i n s i d e  t h e  s h e l l ;  
h e n c e ,  t h e  g a g e s  r e c o r d e d  o n l y  t h e  s t r a i n  r e s u l t i n g  f r o m  
c o n t a c t  b e t w e e n  t h e  l i n e r  a n d  o u t e r  s h e l l .  No s t r a i n  w a s ,  o r  
s h o u l d  h a v e  b e e n ,  r e c o r d e d  a s  l o n g  a s  a c l e a r a n c e  g a p  e x i s t e d  
b e t w e e n  t h e  t w o .  Upon  r e m o v a l  o f  t h e  a p p l i e d  p r e s s u r e ,  a n y  
s t r a i n  r e c o r d e d  c o u l d  b e  a t t r i b u t e d  t o  p l a s t i c  g r o w t h  o f  t h e  
l i n e r  w i t h  a r e s u l t i n g  i n t e r f e r e n c e  c r e a t e d  b e t w e e n  t h e  l i n e r  
a n d  o u t e r  s h e l l .  

5.0 DISCUSSION OF TEST RESULTS 

5.1 EFFECT OF PRESSURE-HOLDING TIME 

The  f i r s t  t e s t  p e r f o r m e d  i n  t h i s  e x p e r i m e n t  i n v o l v e d  t h e  
h o l d i n g  t i m e  v a r i a b l e .  The  t e s t  p l a n  was  t o  p r e s s u r i z e  t o  a 
p r e d e t e r m i n e d  l e v e l ,  h o l d  f o r  a l o n g  p e r i o d  o f  t i m e ,  a n d  
m o n i t o r  t h e  s t r a i n - g a g e  r e a d i n g s .  T a b l e  4 s h o w s  t h e  e f f e c t  
o f  h o l d  t i m e s  u p  t o  f i v e  h o u r s  w i t h  p r e s s u r e s  u p  t o  5 0 , 0 0 0  
p s i  f o r  a m e d i u m - c l e a r a n c e  ( 0 . 0 2 0  i n . )  l i n e r .  The  d a t a  a r e  
p l o t t e d  i n  F i g .  9 a s  a f u n c t i o n  o f  t i m e .  N o t e  t h a t  i n  o n e  
c a s e  t h e r e  was  a s l i g h t  d r i f t  d o w n w a r d  i n  s t r a i n  r e a d i n g ,  
w h e r e a s  i n  t h e  o t h e r  c a s e  t h e  g a g e  r e a d i n g s  d r i f t e d  u p w a r d .  
I n  n e i t h e r  c a s e  d i d  t h e  g a g e  r e a d i n g s  c h a n g e  b y  m o r e  t h a n  
t e n  p e r c e n t ,  a n d  t h e  v a r i a t i o n s  n o t e d  a r e  p r o b a b l y  a t t r i b u t a b l e  
t o  d r i f t  o f  t h e  i n s t r u m e n t a t i o n .  

The  o r i g i n a l  t e s t  p l a n  was  t o  p r e s s u r i z e  t h i s  l i n e r  t o  
7 5 , 0 0 0  p s i  a n d  h o l d  f o r  a l o n g  t i m e ;  h o w e v e r ,  s e a l  l e a k s  
d e v e l o p e d  a n d  t h e  p r e s s u r e  was  h e l d  o n l y  m o m e n t a r i l y .  The  
t e s t  r i g  was t h e n  d i s a s s e m b l e d  a n d  no  f u r t h e r  t e s t s  p e r f o r m e d .  
E x p e r i e n c e  g a i n e d  i n  l a t e r  t e s t s  s h o w e d  t h a t  t h e  s e a l s  c h a r -  
a c t e r i s t i c a l l y  l e a k e d  t h e  f i r s t  t i m e  7 5 , 0 0 0 - p s i  p r e s s u r e  was  
a p p l i e d  b u t  w o u l d  h o l d  i f  t h e  p r e s s u r e  was  i m m e d i a t e l y  r e -  
a p p l i e d .  

F u r t h e r  e v i d e n c e  t h a t  p r e s s u r e  h o l d  t i m e  h a s  l i t t l e  
e f f e c t ,  i f  a n y ,  c a n  b e  s e e n  i n  T a b l e  5 .  The p r i m a r y  o b j e c -  
t i v e  o f  t h e  t e s t  f o r  t h e  d a t a  t a b u l a t e d  i n  T a b l e  5 was  
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d i f f e r e n t ;  h o w e v e r ,  h o l d  t i m e s  o f  5 t o  15  m i n u t e s  a t  p r e s -  
s u r e  w e r e  c o m m o n .  S e v e r a l  t i m e s  d u r i n g  t h e  t e s t ,  v a r i o u s  
p r e s s u r e  l e v e l s  w e r e  h e l d  w i t h  no  t i m e  e f f e c t  n o t e d .  N o t e  
i n  p a r t i c u l a r  t h a t  a p r e s s u r e  o f  7 3 , 0 0 0  t o  7 5 , 0 0 0  p s i  w a s  
h e l d  f o r  a b o u t  d0  m i n u t e s  t o w a r d  t h e  e n d  o f  t h e  t e s t  w i t h  
n e g l i g i b l e  d r i f t  i n  g a g e  r e a d i n g s .  

d 
= - -  

= - -  

I 
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~ 200 

5 0 0 -  

400 - 
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- ~  0 ',7 

o Internal Pressure Equal 
to 21 ksi 

v Intemal Pressure Equal 
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Figure 9. Circumferential strain at the OD of a 7-in, shell as a function of time 
using a medium-fit (0.020-in. clearance) liner. 

5.2 EFFECT OF PRESSURE CYCLING 

P r e s s u r e  c y c l i n g  e f f e c t s  w e r e  p r i m a r i l y  e v a l u a t e d  i n  
T e s t  2 b u t  c a n  b e  v e r i f i e d  t o  s o m e  e x t e n t  i n  a l l  t h e  t e s t s .  
T e s t  2 e x p e r i m e n t a l  d a t a ,  t a b u l a t e d  i n  T a b l e  5 ,  s h o w  t h a t  
m u l t i p l e  c y c l e s  t o  a n y  p r e s s u r e  l e v e l ,  p r o v i d e d  t h e  p r e s s u r e  
h a s  n o t  e x c e e d e d  t h a t  l e v e l ,  r e s u l t  i n  e s s e n t i a l l y  t h e  s a m e  
s t r a i n - g a g e  r e a d i n g s  f o r  e a c h  c y c l e .  T h i s  l a c k  o f  a n y  
c y c l i c  e f f e c t  i s  s h o w n  g r a p h i c a l l y  i n  F i g .  1 0 ,  w h i c h  i s  b a s e d  
o n  t h e  T a b l e  5 d a t a .  
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level before proceedi ng to the next 
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Figure 10. Circumferential strain at the OD of a 7-Jn.-OD shell as a function of 
internal pressure using a medium-fit (0.020-in. clearance) liner. 

T h e  T a b l e  5 d a t a  a l s o  s h o w  t h a t  o n c e  a p r e s s u r e  l e v e l  
w a s  e x c e e d e d ,  t h e  s t r a i n - g a g e  r e a d i n g s  d i f f e r  f r o m  t h e  v a l u e s  
t a k e n  p r i o r  t o  e x c e e d i n g  t h a t  p r e s s u r e .  The  s h i f t  i s  g e n e r -  
a l l y  m o r e  t h a n  t h e  " l o c k e d - i n "  s t r a i n  ( s t r a i n  a t  " 0 "  p s i )  c a n  
a c c o u n t  f o r .  T h e  i n d i c a t i o n  i s  t h a t  t h e  m a t e r i a l  i s  s u b j e c t  
t o  a p p r e c i a b l e  s t r a i n  h a r d e n i n g .  
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5.3 EFFECT OF LINER CLEARANCE 

The e f f e c t  o f  l i n e r  c l e a r a n c e  was i n v e s t i g a t e d  u s i n g  a 
7 - i n . - O D  s h e l l  w i t h  t h r e e  d i f f e r e n t  c l e a r a n c e  l i n e r s .  The 
t h r e e  d i a m e t r i c a l  c l e a r a n c e s  w e r e  n o m i n a l l y  0 . 0 1 1 ,  0 . 0 2 0 ,  
a n d  0 . 0 2 5  i n .  The c l e a r a n c e s  a r e  r e f e r r e d  t o  i n  t h e  f o l l o w -  
i n g  a s  t i g h t ,  m e d i u m ,  a n d  l o o s e  f i t .  

Tables 5 and 6 contain data obtained with medium-fit 
liners. Table 5 shows a residual circumferential strain of 
77 and a longitudinal strain of 5 ~in./in. after a maximum 
applied pressure of 75,000 psi. For Table 6, the maximum 
applied pressure was 74,000 psi and the residual strains 
read immediately after venting the pressure were 80 and 
-9.0 ~in./in. for circumferential and longitudinal, re- 
spectively. 

D a t a  f o r  two t i g h t - f i t  l i n e r s  a r e  shown i n  T a b l e s  7 a n d  
8 .  T a b l e  7 s h o w s  t h a t  r e s i d u a l  s t r a i n s  o f  78 a n d  20 b i n . /  
i n .  c i r c u m f e r e n t i a l l y  a n d  l o n g i t u d i n a l l y ,  r e s p e c t i v e l y ,  
r e s u l t  f r o m  an a p p l i e d  p r e s s u r e  o f  7 5 , 0 0 0  p s i .  The c o r r e -  
s p o n d i n g  s t r a i n s  f r o m  T a b l e  8 a r e  69 a n d  10 u i n . / i n .  T h e s e  
d a t a  a r e  c o n s i d e r e d  t o  be  e s s e n t i a l l y  i n  a g r e e m e n t  w i t h  t h e  
p r e v i o u s  d a t a  c i t e d  f o r  t h e  m e d i u m - f i t  l i n e r s .  The t w o - t o -  
one  v a r i a t i o n  i n  t h e  l o n g i t u d i n a l  s t r a i n  b e t w e e n  t h e  two 
t i g h t - f i t  l i n e r  t e s t s  i s  p r o b a b l y  i n d i c a t i v e  o f  e q u i p m e n t  
d r i f t  o r  s l i g h t  d i f f e r e n c e s  i n  f r i c t i o n a l  f o r c e s  b e t w e e n  t h e  
l i n e r s  and  t h e  s h e l l .  

D a t a  o b t a i n e d  f o r  two l o o s e - f i t  l i n e r s  a r e  s h o w n  i n  
T a b l e s  9 a n d  10 .  R e s i d u a l  s t r a i n s  f o r  t h e s e  v a r i e d  f r o m  45 
t o  5 1 . 0  ~ i n . / i n .  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  a n d  9 t o  
12 ~ i n . / i n .  i n  t h e  l o n g i t u d i n a l  a f t e r  a p p l i c a t i o n  o f  
7 5 , 0 0 0 - p s i  p r e s s u r e .  

The m e d i u m -  a n d  t i g h t - f i t  l i n e r s  p r o d u c e d  e s s e n t i a l l y  
t h e  same  r e s i d u a l  s t r a i n  ( o r  i n t e r f e r e n c e  f i t  w i t h  t h e  o u t e r  
s h e l l ) ;  h o w e v e r ,  t h e  l o o s e - f i t  l i n e r s  p r o d u c e d  l e s s .  T a b l e s  
9 and  10 f o r  t h e  l o o s e - f i t  l i n e r s  show t h a t  t h e  c i r c u m f e r -  
e n t i a l  s t r a i n  m e a s u r e d  a t  7 5 , 0 0 0 - p s i  p r e s s u r e  v a r i e d  f r o m  
a b o u t  781 t o  830 ~ i n . / i n .  An a l m o s t  i d e n t i c a l  s p r e a d  i s  
s h o w n  i n  T a b l e s  7 a n d  8 f o r  t h e  t i g h t - f i t  l i n e r ;  h e n c e ,  b o t h  
l o o s e =  a n d  t i g h t - f i t  l i n e r s  e x e r t  t h e  same  p r e s s u r e  a g a i n s t  
t h e  o u t e r  s h e l l  w i t h  t h e  t e s t  r i g  u n d e r  p r e s s u r e .  The o n l y  
o b v i o u s  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  i n  r e s i d u a l  s t r a i n s  
i s  t h a t  some a d d i t i o n a l  s p r i n g - b a c k  r e s u l t e d  f r o m  t h e  a d d i -  
t i o n a l  p l a s t i c  f l o w  r e q u i r e d  f o r  l o o s e - f f t t i n g  l i n e r s .  

The t r e n d  a p p e a r s  t o  b e  t h a t  l i n e r s  c a n  b e  t o o  l o o s e  
f o r  e f f e c t i v e  s e a t i n g  a g a i n s t  t h e  l a u n c h  t u b e s  d u r i n g  
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a u t o f r e t t a g i n g ;  h o w e v e r ,  t h e  a p p a r e n t  d i f f e r e n c e  i n  r e s i d u a l  
s t r a i n s  n o t e d  f o r  t h e  l o o s e  l i n e r  s h o u l d  n o t  b e  a c c e p t e d  a s  
c o m p l e t e l y  c o n c l u s i v e .  The l o g i c a l  t r e n d  w o u l d  be  t h a t  t h e  
l i n e r  p r o d u c i n g  t h e  l a r g e s t . r e s i d u a l  c i r c u m f e r e n t i a l  s t r a i n  
s h o u l d  a l s o  p r o d u c e  t h e  l a r g e s t  r e s i d u a l  l o n g i t u d i n a l  s t r a i n .  
Y e t  t h e  m e d i u m - f i t  l i n e r s  r e s u l t e d  i n  m o r e  c i r c u m f e r e n t i a l  
b u t  l e s s  l o n g i t u d i n a l  s t r a i n  t h a n  d i d  t h e  l o o s e  l i n e r s .  The 
p o i n t  i s  t h a t  e q u i p m e n t  e r r o r  due  t o  d r i f t  a n d  t e m p e r a t u r e  
c h a n g e s  c o u l d  e a s i l y  r e s u l t  i n  10 t o  20 ~ i n . / i n .  o f  s t r a i n  
e r r o r .  On s e v e r a l  o f  t h e  t e s t s ,  t h e  s t r a i n  g a g e s  w e r e  
m o n i t o r e d  f o r  s e v e r a l  m i n u t e s  f o l l o w i n g  c o m p l e t i o n  o f  t h e  
t e s t .  D r i f t s  o f  10 t o  15 ~ i n . / i n .  w e r e  n o t e d ,  s e e  T a b l e s  5 
t h r o u g h  10.  I n  m o s t  c a s e s ,  t h e  c h a n g e  i n  g a g e  r e a d i n g s  
i n d i c a t e d  i n c r e a s e d  c o n t a c t  s t r e s s  on  t h e  o u t e r  s h e l l .  L o g i -  
c a l l y ,  i f  a n y  s t r e s s  c h a n g e  o c c u r r e d ,  o n e  w o u l d  e x p e c t  a 
l o w e r i n g  o f  o u t e r  s h e l l  s t r e s s  c a u s e d  by  r e l a x a t i o n  o f  t h e  
l i n e r .  C o n s e q u e n t l y ,  t h e  r e l a t i v e l y  s m a l l  d i f f e r e n c e s  i n  
r e s i d u a l  s t r a i n s  m e a s u r e d  c a n  b e  s u b j e c t  t o  q u e s t i o n .  

5.4 EFFECT OF PRESSURE LEVEL 

The r e s i d u a l  i n t e r f e r e n c e  b e t w e e n  l i n e r  a n d  s h e l l  
p r o d u c e d  by  v a r i o u s  p r e s s u r e  l e v e l s  was  s t u d i e d  u s i n g  t h e  
7 - i n . - O D  s h e l l  a n d  a m e d i u m - f i t  l i n e r .  T a b l e  5 c o n t a i n s  
t h i s  d a t a .  The p r o c e d u r e  f o l l o w e d  was t o  p r e s s u r i z e  t h e  t e s t  
r i g  t o  a p a r t i c u l a r  l e v e l ,  v e n t  t h e  p r e s s u r e ,  r e c o r d  t h e  r e -  
s i d u a l  s t r a i n ,  and  t h e n  p r o c e e d  t o  t h e  n e x t  h i g h e r  l e v e l .  
N o t e  t h a t  no r e s i d u a l  s t r a i n  was p r o d u c e d  u n t i l  t h e  a p p l i e d  
p r e s s u r e  h a d  e x c e e d e d  5 0 , 0 0 0  p s i .  ( A f t e r  t h e  f i r s t  c y c l e  t o  
2 0 , 0 0 0  p s i ,  a r e s i d u a l  c o m p r e s s i v e  s t r a i n  o f  10 ~ i n . / i n .  
was m e a s u r e d .  T h i s  i s  o b v i o u s l y  p h y s i c a l l y  i m p o s s i b l e  a n d  
s h o u l d  be  a t t r i b u t e d  t o  e q u i p m e n t  d r i f t . )  A f t e r  a p r e s s u r e  
o f  6 0 , 0 0 0  p s i  was  a p p l i e d ,  a r e s i d u a l  c i r c u m f e r e n t i a l  s t r a i n  
o f  25 t o  28 ~ i n . / i n .  was  m e a s u r e d .  F i g u r e  11 s h o w s  t h e  
m e a s u r e d  r e s i d u a l  s t r a i n s  f o r  t h e  v a r i o u s  p r e s s u r e s  up  t o  
t h e  maximum a p p l i e d  o f  7 7 , 0 0 0  p s i .  D a t a  e x t r a c t e d  f r o m  some 
o f  t h e  o t h e r  t e s t s  a r e  a l s o  p l o t t e d  i n  F i g .  11 .  The h i g h e s t  
r e s i d u a l  s t r a i n  m e a s u r e d  (77 ~ i n . / i n . )  c o r r e s p o n d s  t o  a 
c a l c u l a t e d  c o n t a c t  p r e s s u r e  b e t w e e n  t h e  l i n e r  a n d  s h e l l  o f  
5 , 1 2 5  p s i .  To t e s t  t h e  f r i c t i o n a l  r e s i s t a n c e  d e v e l o p e d ,  an  
a x i a l  f o r c e  was a p p l i e d  t o  t h e  l i n e r  w h i l e  h o l d i n g  t h e  
s h e l l  a n d  i t  t o o k  1 0 0 , 0 0 0  p o u n d s  t o  c a u s e  a n y  m o v e m e n t .  A 
s e c o n d  7 - i n .  s h e l l  w i t h  t h e  l o o s e - f i t  l i n e r  was t e s t e d ,  and  
m o v e m e n t  o c c u r r e d  a t  a b o u t  1 2 0 , 0 0 0  p o u n d s .  A t h i r d  ( t i g h t -  
f i t  l i n e r )  and  a f o u r t h  ( m e d i u m - f i t  l i n e r )  w e r e  t e s t e d  and  
no m o v e m e n t  c o u l d  be  p r o d u c e d  when  t h e  t e s t i n g  m a c h i n e  
r e a c h e d  i t s  maximum c a p a c i t y  o f  1 2 0 , 0 0 0  p o u n d s .  I n  t e r m s  o f  
t h e  3 5 - f t - l o n g 6 1 a u n c h  t u b e s ,  t h e s e  v a l u e s  w o u l d  e x t r a p o l a t e  
t o  o v e r  4 x 10 p o u n d s  o f  h o l d i n g  f o r c e  f o r  t h e  l i n e r .  T h i s  
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v a l u e  was c o n s i d e r e d  m o r e  t h a n  a d e q u a t e .  I n  a d d i t i o n ,  
p r e v i o u s  l a u n c h  t u b e s  h a d  b e e n  a u t o f r e t t a g e d  t o  7 5 , 0 0 0  p s i  
and  d e m o n s t r a t e d  s a t i s f a c t o r y  p e r f o r m a n c e  when  p l a c e d  i n  
s e r v i c e .  The c o n c l u s i o n  was t h a t  7 5 , 0 0 0 - p s i  p r e s s u r e  i s  
a d e q u a t e  f o r  7 - i n . - O D  l a u n c h  t u b e s .  
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Figure 11. Residual strain as a function of internal pressure. 
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5.5 EFFECT OF LAUNCH TUBE OUTSIDE DIAMETER 

T e s t s  w e r e  p e r f o r m e d  on o u t e r  s h e l l s  v a r y i n g  f r o m  5 . 5 -  
t o  l l - i n .  OD. The o b j e c t  was t o  t r y  t o  d e t e r m i n e  t h e  p r e s -  
s u r e  t h a t  m u s t  b e  a p p l i e d  t o  d e v e l o p  t h e  same  r e s i d u a l  
c o n t a c t  p r e s s u r e  o f  5 , 1 2 5  p s i  f o u n d  t o  be  a d e q u a t e  f o r  t h e  
7 - i n . - O D  l a u n c h  t u b e s .  F o r  t h e  v a r i o u s  s h e l l s ,  t h e  f o l l o w i n g  
r e s i d u a l  s t r a i n s  w o u l d  h a v e  t o  b e  p r o d u c e d :  

R e s i d u a l  S t r a i n ,  
S h e l l  OD k i n . / i n .  

5 . 5  145 

7 . 0  77 

9 . 0  43 

1 1 . 0  28 

The t e s t s  i n v o l v i n g  t h e  5 . 5 - i n .  o u t e r  s h e l l  w i t h  a 
m e d i u m - c l e a r a n c e  l i n e r  w e r e  l i m i t e d  t o  6 0 , 0 0 0  p s i  f o r  
s a f e t y  c o n s i d e r a t i o n s .  The r e s i d u a l  s t r a i n  p r o d u c e d  i s  
s h o w n  i n  T a b l e  11 t o  b e  79 ~ i n . / i n .  S i n c e  t h i s  v a l u e  was  
b e l o w  t h e  a n t i c i p a t e d  r e q u i r e m e n t ,  an  a x i a l  l o a d  was  a l s o  
a p p l i e d  t o  i t  a n d  r e l a t i v e  m o v e m e n t  o c c u r r e d  a t  a b o u t  
1 0 2 , 0 0 0  p o u n d s .  T h i s  m e a n s  a l o w e r  c o n t a c t  p r e s s u r e  
p r o d u c e d  t h e  same f r i c t i o n a l  r e s i s t a n c e  a s  n o t e d  p r e v i o u s l y  
f o r  a t  l e a s t  o n e  o f  t h e  7 - i n . - O D  s h e l l s .  The r e a s o n  f o r  t h e  
d i s c r e p a n c y  i s  n o t  k n o w n .  The 5 . 5 - i n .  s h e l l  was m a c h i n e d  
f r o m  a 7 - i n .  s h e l l  a f t e r  t h e  7 - i n .  t e s t i n g  was  c o m p l e t e d  a n d  
p e r h a p s  s l i g h t  d i f f e r e n c e s  i n  s u r f a c e  f i n i s h e s  e x i s t e d ,  a l -  
t h o u g h  t h e  b o r e  o f  t h e  s h e l l  was n o t  r e m a c h i n e d .  

A 9 - i n . - O D  s h e l l  w i t h  a m e d i u m - c l e a r a n c e  l i n e r  was  
t e s t e d  t o  8 5 , 0 0 0  p s i  a s  a g u e s s  a t  t h e  r e q u i r e d  p r e s s u r e ,  
a n d  a r e s i d u a l  s t r a i n  o f  50 t o  55 u i n . / i n ,  r e s u l t e d ,  s e e  
T a b l e  12 .  T h i s  p r o v e d  s l i g h t l y  i n  e x c e s s  o f  t h e  a n t i c i -  
p a t e d  r e q u i r e m e n t .  An a x i a l  l o a d  was a l s o  a p p l i e d  t o  t h e  
l i n e r ,  a n d  no m o v e m e n t  c o u l d  b e  d e t e c t e d  when  t h e  m a c h i n e  
maximum c a p a c i t y  o f  1 2 0 , 0 0 0  was r e a c h e d .  

An l l - i n . - O D  s h e l l  w i t h  a m e d i u m - c l e a r a n c e  l i n e r  was  
t e s t e d  t o  9 0 , 0 0 0  p s i .  A r e s i d u a l  s t r a i n  o f  28 ~ i n . / i n .  was  
r e c o r d e d ,  s e e  T a b l e  13 .  T h i s  v a l u e  m a t c h e d  t h e  a n t i c i p a t e d  
r e q u i r e m e n t .  An a x i a l  l o a d  was a l s o  a p p l i e d  t o  t h i s  l i n e r ,  
a n d  r e l a t i v e  m o v e m e n t  o c c u r r e d  a t  a b o u t  1 1 0 , 0 0 0  p o u n d s .  

On t h e  b a s i s  o f  t h e  a b o v e  r e s u l t s ,  a p l o t  was c o n -  
s t r u c t e d  t o  r e l a t e  t h e  r e q u i r e d  a u t o f r e t t a g e  p r e s s u r e  v e r s u s  
t h e  l a u n c h  t u b e  o u t s i d e  d i a m e t e r .  F i g u r e  12 shows  t h i s  
v a r i a t i o n .  
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Figure 12. Required autofrettage pressure for any size shell with a 3-in, ID. 

6.0 PREDICTION OT THE HOLDING FORCE PRODUCED BY AUTOFRETTAGING 

As discussed in the previous section, many of the liner- 
shell combinations were tested after autofrettaging to deter- 
mine the force required to move the liner relative to the 
shell. The forces measured are shown in Fig. 13 by the 
various symbols as a function of the measured residual strain 
for that liner-shell combination. For comparison purposes, 
a theoretical axial force was also calculated as a function 
of strain. The equation for the theoretical axial force 
comes from two basic equations: 

F = ~ N  ( 7 )  

a n d  

N -- 2 7r a ~ P ( 8 )  
C 
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where 

F = f r i c t i o n a l  f o r c e ,  l b  

= c o e f f i c i e n t  o f  f r i c t i o n  

N = f o r c e  p e r p e n d i c u l a r  t o  t h e  
s l i d i n g  s u r f a c e s ,  l b  

a = i n s i d e  r a d i u s  o f  s h e l l ,  i n .  

= l e n g t h  o f  t he  l i n e r ,  i n .  

a n d  

Pc = c o n t a c t  p r e s s u r e  b e t w e e n  t h e  
l i n e r  a n d  s h e l l ,  p s i  

T h i s  c o n t a c t  p r e s s u r e  i s  s h o w n  i n  A p p e n d i x  B t o  b e  r e l a t e d  
t o  t h e  m e a s u r e d  s t r a i n  b y  t h e  e q u a t i o n :  

C 

E c t (K 2 - I) 

2 
( 9 )  

i 
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Figure 13. Comparison of theoretical to experimental axial force. 
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t h u s ,  s u b s t i t u t i o n  o f  E q s .  (8)  a n d  (9)  i n t o  Eq.  (7)  y i e l d s  

F = 6 ~ ~ a c t (K 2 - 1 )  ( 1 0 6  ) ( 1 0 )  

f o r  E = 30 x 106 a n d  ~ = 0 . 2 .  E q u a t i o n  (10)  i s  p l o t t e d  t o  
o b t a i n  t h e  t h e o r e t i c a l  c u r v e s  i n  F i g .  13 .  

The e x p e r i m e n t a l  d a t a  show no d e f i n i t e  p a t t e r n  e x c e p t  
t h a t  t h e  a x i a l  f o r c e  m e a s u r e d  was a l w a y s  h i g h e r  t h a n  t h a t  
t h e o r e t i c a l l y  c a l c u l a t e d .  The f r i c t i o n  c o e f f i c i e n t  c o u l d ,  
o f  c o u r s e ,  b e  a s o u r c e  o f  e r r o r  i n  t h e  t h e o r e t i c a l  c u r v e s .  

7.0 COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY 

As was m e n t i o n e d  p r e v i o u s l y ,  t h e  i n i t i a l  a t t e m p t s  a t  
a u t o f r e t t a g i n g  l i n e r s  i n t o  l a u n c h  t u b e s  f a i l e d .  A p r e s s u r e  
o f  5 0 , 0 0 0  p s i  was a p p l i e d  t o  a 7 - i n . - O D  l a u n c h  t u b e  w i t h  a 
m e d i u m - c l e a r a n c e  l i n e r .  The 5 0 , 0 0 0 - p s i  p r e s s u r e  was c a l c u -  
l a t e d  t o  be  t h r e e  t o  f o u r  t i m e s  g r e a t e r  t h a n  t h e  p r e s s u r e  
r e q u i r e d  f o r  f u l l - w a l l  y i e l d  o f  t h e  l i n e r .  The i d e a  was  
t h a t  t h e  l i n e r  w o u l d  p l a s t i c a l l y  f l o w  u n t i l  c o n t a c t  was 
made  w i t h  t h e  o u t e r  s h e l l .  I t  was f u r t h e r  b e l i e v e d  t h a t  
t h e  p r e s s u r e  w o u l d  t h e n  be  t r a n s m i t t e d  a l m o s t  u n d i m i n i s h e d  
t o  t h e  o u t e r  s h e l l  c a u s i n g  i t  t o  g row e l a s t i c a l l y .  The 
e l a s t i c  g r o w t h  o f  t h e  o u t e r  s h e l l  w o u l d  p e r m i t  a d d i t i o n a l  
p l a s t i c  g r o w t h  o f  t h e  l i n e r  and  r e s u l t  i n  an  i n t e r f e r e n c e  
f i t  b e t w e e n  t h e  l i n e r  and  s h e l l  u p o n  r e l e a s e  o f  t h e  p r e s s u r e .  
U n f o r t u n a t e l y ,  t h i n g s  d i d  n o t  go e x a c t l y  a s  a n t i c i p a t e d .  
The l i n e r s  e v i d e n t l y  h a d  an  e l a s t i c  s p r i n g - b a c k  l a r g e  e n o u g h  
t o  o f f s e t  t h e  a n t i c i p a t e d  i n t e r f e r e n c e .  

The i n i t i a l  f a i l u r e  o f  t h e  a u t o f r e t t a g e  p r o c e d u r e s  t o  
a d e q u a t e l y  s e a t  t h e  l i n e r s  c a u s e d  some c o n c e r n  t h a t  t h e  
t h e o r e t i c a l  e q u a t i o n s  w e r e  i n  g r o s s  e r r o r .  The same  b a s i c  
t h e o r y  i s  f r e q u e n t l y  u s e d  i n  d e s i g n  o f  h i g h - p r e s s u r e  
s e c t i o n s ,  p o w d e r  c h a m b e r s ,  a n d  pump t u b e s  f o r  t h e  H y p e r -  
b a l l i s t i c  R a n g e  (G) .  T h u s ,  a v e r i f i c a t i o n  o f  t h e  t h e o r y  
was a l s o  made a p a r t  o f  t h i s  p r o g r a m .  

The e q u a t i o n s  u s e d  i n  c o m p o n e n t  d e s i g n  a r e  shown  i n  
A p p e n d i x  A. The l a u n c h  t u b e s  d u r i n g  t h e  a u t o f r e t t a g e  p r o c e -  
d u r e  a r e  c a l c u l a t e d  a s  c l o s e d - e n d  p r e s s u r e  v e s s e l s  ( F i g .  1 ) .  
The l i n e r  i s  a s s u m e d  t o  be  an o p e n - e n d  p r e s s u r e  v e s s e l  w i t h  
an  a p p l i e d  e n d  l o a d .  F o r  t h e  t e s t  s e t u p  ( F i g .  6 ) ,  t h e  o u t e r  
s h e l l  c a n  b e s t  b e  m o d e l e d  as  an  o p e n - e n d  p r e s s u r e  v e s s e l  
w i t h o u t  a x i a l  l o a d .  The l i n e r  f o r  t h e  t e s t  r i g  i s  a s s u m e d  
t o  b e  an o p e n - e n d  v e s s e l ,  w i t h o u t  an  e n d  l o a d  u n t i l  c o n t a c t  

3 0  
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w i t h  t h e  o u t e r  s h e l l .  A f t e r  c o n t a c t ,  t h e  l i n e r  i s  a n a l y z e d  
a s  an o p e n - e n d  p r e s s u r e  v e s s e l  w i t h  an i n t e r n a l  and  e x t e r n a l  
p r e s s u r e .  

F o r  t h e  t e s t  a r t i c l e ,  Eq. (A-47)  shows  t h a t  t h e  l i n e r  
s h o u l d  b e  c o m p l e t e l y  p l a s t i c  ( f u l l - w a l l  y i e l d )  a t  a p r e s s u r e  
o f  1 4 , 3 0 0  p s i .  T a b l e  5 d a t a  show t h a t  c o n t a c t  b e t w e e n  t h e  
s h e l l  and  l i n e r  h a d  o c c u r r e d  a t  1 8 , 0 0 0  p s i  f o r  a m e d i u m = f i t  
l i n e r .  I n  g e n e r a l ,  i t  was n o t e d  d u r i n g  t h e  v a r i o u s  t e s t s  
t h a t  t h e  s t r a i n  g a g e s  i n d i c a t e d  c o n t a c t  b e t w e e n  l i n e r  and  
o u t e r  s h e l l  a t  p r e s s u r e s  s l i g h t l y  a b o v e  1 5 , 0 0 0  p s i .  T h i s  
c o r r e l a t i o n  i n d i c a t e s  r e a s o n a b l e  a g r e e m e n t  b e t w e e n  t h e o r y  
and  a c t u a l  b e h a v i o r .  

As a f u r t h e r  c h e c k ,  Eq. (A-55)  was c o m p a r e d  w i t h  t h e  
e x p e r i m e n t a l  d a t a .  E q u a t i o n  (A-55)  s u p p o s e d l y  r e l a t e d  t h e  
t h e o r e t i c a l  e x t e r n a l  p r e s s u r e  (Po)  t o  t h e  a p p l i e d  i t e r n a l  
p r e s s u r e  ( P i )  f o r  p l a s t i c  e q u i l i b r i u m  o f  an  o p e n - e n d  p r e s -  
s u r e  v e s s e l .  H e n c e ,  t h e  e q u a t i o n  s h o u l d  b e  a p p r o p r i a t e  f o r  
t h e  l i n e r  a f t e r  c o n t a c t  w i t h  t h e  o u t e r  s h e l l .  The e x p e r i -  
m e n t a l l y  d e t e r m i n e d  c o n t a c t  p r e s s u r e ,  Pc ,  was c a l c u l a t e d  
f r o m  Eq. (B-3 )  and  t h e  s t r a i n - g a g e  r e a d i n g s .  T h i s  c a l c u l a t e d  
Pc and  t h e  c o r r e s p o n d i n g  v a l u e  o f  P i  w e r e  t h e n ' p l o t t e d  as  
e x p e r i m e n t a l  d a t a  i n  F i g s .  14 t h r o u g h  17.  (The v a l u e s  
p l o t t e d  a r e  t h e  Pc r e s u l t i n g  f r o m  t h e  f i r s t  c y c l e  t o  a P i -  
S t r a i n  h a r d e n i n g  o c c u r s  d u r i n g  t h e  f i r s t  c y c l e  and  c h a n g e s  
s u b s e q u e n t  v a l u e s . )  E q u a t i o n  (A-55)  was u s e d  t o  p l o t  t h e  
t h e o r e t i c a l  c o n t a c t  p r e s s u r e ,  Po,  and  t h e  r e s u l t s  a r e  a l s o  
shown i n  t h e  same f i g u r e s .  N o t e  t h a t  t h e  t h e o r e t i c a l  e q u a -  
t i o n  i n  e a c h  c a s e  o v e r e s t i m a t e d  t h e  c o n t a c t  p r e s s u r e  r e q u i r e d  
t o  b a l a n c e  t h e  a p p l i e d  P i .  T h i s  t r e n d  i s  c o n s i s t e n t  w i t h  o n e  
o f  t h e  b a s i c  a s s u m p t i o n s  i n  t h e  p l a s t i c i t y  t h e o r y  u s e d  i n  t h e  
t h e o r e t i c a l  d e v e l o p m e n t .  The a s s u m p t i o n  i s  t h a t  o n c e  t h e  
m a t e r i a l  h a s  b e e n  s t r e s s e d  t o  y i e l d  l e v e l ,  y i e l d i n g  w i l l  c o n -  
t i n u e  u n d e r  c o n s t a n t  l o a d .  Most m a t e r i a l s  w i l l  show some 
s t r a i n  h a r d e n i n g  e f f e c t s  and  r e q u i r e  an i n c r e a s e  i n  l o a d  f o r  
c o n t i n u e d  y i e l d i n g .  The i m p l i c a t i o n  o f  t h i s  i s  t h a t  p l a s t i c  
f l o w  d o e s  n o t  o c c u r  as  f r e e l y  as  t h e  t h e o r y  p r e d i c t s ;  h e n c e ,  
n o t  as  much l o a d  i s  t r a n s f e r r e d  t o  t h e  o u t e r  s h e l l .  A l s o ,  
t h e  t h e o r e t i c a l  c o m p u t a t i o n s  w e r e  b a s e d  on 7 5 , 0 0 0 - p s i  y i e l d  
s t r e n g t h .  T h i s  v a l u e  was q u o t e d  as  a t y p i c a l  v a l u e  by  t h e  
s u p p l i e r s  o f  t h e  l i n e r s ;  h o w e v e r ,  i t  was n o t  v e r i f i e d .  The 
l i n e r s  a r e  f a b r i c a t e d  f r o m  p l a t e  r o l l e d  i n t o  a c y l i n d e r ,  
w e l d e d ,  and  r e d u c e d  t o  s i z e  by  c o l d  d r a w i n g  o v e r  m a n d r e l  t o  
t h e  d e s i r e d  d i m e n s i o n s .  The y i e l d  s t r e n g t h  c o u l d  c o n c e i v a b l y  
be  h i g h e r ,  and  a h i g h e r  y i e l d  s t r e n g t h  w o u l d  l o w e r  t h e  
p r e d i c t e d  Po v a l u e s  f r o m  Eq. ( A - 5 5 ) .  

B a s e d  on t h e  a b o v e  o b s e r v a t i o n s ,  t h e  t h e o r e t i c a l  d e v e l o p -  
m e n t  a p p e a r s  t o  be  s l i g h t l y  c o n s e r v a t i v e  b u t  i n  r e a s o n a b l e  
a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a .  
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Figure 14. Comparison of theoretical to experimental liner-shell contact pressure 
for 5.5-in.-OD shell with medium-fit (0.0181-in. clearance) liner. 
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Figure 16. Comparison of theoretical to experimental liner-shell contact pressure for a 
9-in.-OD shell with medium-fit (0.0173-in. clearance) liner. 
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8.0 MISCELLANEOUS OBSERVATIONS 

8.1 DISCREPANCIES IN CONTACT PRESSURE 

T h r e e  o f  t h e  l i n e r s  w e r e  c o m p l e t e l y  p u s h e d  o u t  o f  t h e i r  
s h e l l .  F i n a l  d i m e n s i o n s  w e r e  t a k e n  o f  b o t h  l i n e r  a n d  s h e l l  
a n d  a r e  s h o w n  i n  T a b l e  1 4 .  F r o m  t h e s e  m e a s u r e d  v a l u e s ,  an  
i n t e r f e r e n c e  c a n  b e  d e t e r m i n e d  a n d  a c o n t a c t  p r e s s u r e  c a l c u -  
l a t e d  u s i n g  t h e  s t a n d a r d  e q u a t i o n  f o r  a t w o - l a y e r e d  p r e s s u r e  
vessel, i.e., 

PC 5 = 
E 5 ( d  2 - b 2 )  (b 2 - a 2 )  

2b 3 (d 2 _ a 2)  

5 = r a d i a l  i n t e r f e r e n c e  

a , b  = i n n e r  a n d  o u t e r  r a d i u s  o f  t h e  
l i n e r ,  r e s p e c t i v e l y  

d = o u t e r  r a d i u s  o f  t h e  s h e l l  

T h e  c o n t a c t  p r e s s u r e s  c a l c u l a t e d  f r o m  t h i s  e q u a t i o n  a r e  a l s o  
s h o w n  i n  T a b l e  14 .  T h e s e  v a l u e s  d i f f e r  f r o m  t h e  c o n t a c t  
p r e s s u r e  c a l c u l a t e d  f r o m  t h e  m e a s u r e d  r e s i d u a l  s t r a i n s  u s i n g  
Eq .  ( B - 3 ) .  The  l a t t e r  v a l u e s  a r e  a l s o  i n c l u d e d  i n  T a b l e  14 
f o r  c o m p a r i s o n  p u r p o s e s .  

I n t u i t i v e l y ,  o n e  w o u l d  e x p e c t  t h e  c o n t a c t  p r e s s u r e  b a s e d  
on  t h e  r e s i d u a l  s t r a i n  t o  b e  l a r g e r  t h a n  t h a t  d e t e r m i n e d  f r o m  
t h e  i n t e r f e r e n c e  m e a s u r e m e n t s  d u e  t o  t h e  e r o s i o n  e f f e c t  o f  
p u s h i n g  o u t  t h e  l i n e r ;  h o w e v e r ,  i n  a l l  t h r e e  c a s e s  t h e  r e v e r s e  
was  t r u e .  The  o n l y  o b v i o u s  c o n c l u s i o n  i s  t h a t  a c o m b i n a t i o n  
o f  s t r a i n - g a g e  r e a d i n g  e r r o r  a n d  d i m e n s i o n a l  m e a s u r e m e n t  e r r o r  
c a u s e d  t h e  d i s c r e p a n c y .  T h e  max imum d e v i a t i o n  w a s  1 , 1 4 8  p s i  
w h i c h  c o r r e s p o n d s  t o  a s  l i t t l e  a s  1 7 . 2  ~ i n . / i n .  o f  m e a s u r e d  
s t r a i n  o r  0 . 0 0 0 4  i n .  o f  r a d i a l  i n t e r f e r e n c e .  The  m o s t  l i k e l y  
s o u r c e  o f  e r r o r  w o u l d  b e  a c o m b i n a t i o n  o f  t h e  t w o .  

8.2 LINER LENGTH CHANGES 

A f t e r  e a c h  o f  t h e  f i r s t  t h r e e  p r e s s u r e  c y c l e s  f o r  T e s t  
No.  1 ( T a b l e  4 d a t a ) ,  t h e  t e s t  a r t i c l e  w a s  d i s a s s e m b l e d  a n d  
t h e  l i n e r  r e m e a s u r e d .  T a b l e  15 s h o w s  t h e  d i m e n s i o n s  r e c o r d e d .  
As e x p e c t e d ,  t h e  l i n e r  d i m e n s i o n s  s h o w e d  c l e a r  e v i d e n c e  o f  
p l a s t i c  f l o w  a f t e r  e a c h  c y c l e .  One o f  t h e  m o r e  i n t e r e s t i n g  , 
d i m e n s i o n a l  c h a n g e s  was  t h e  l e n g t h .  N o t e  t h a t  t h e  l e n g t h  
s h o r t e n e d  0 . 0 1 9  i n .  d u r i n g  t h e  f i r s t  c y c l e  a n d  a n  a d d i t i o n a l  
0 . 0 0 5  i n .  d u r i n g  t h e  s e c o n d .  T h i s  e x t r a p o l a t e s  t o  o v e r  i i n .  
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o f  m o v e m e n t  when  t h e  3 5 - f t - l o n g  l a u n c h  t u b e s  a r e  a u t o f r e t t a g e d .  
E x p e r i e n c e  h a s  shown t h a t  t h i s  much m o v e m e n t  m u s t  b e  d e s i g n e d  
i n t o  t h e  s e a l  a r r a n g e m e n t .  

F o r  t h e  t h i r d  c y c l e  ( p r e s s u r e  i n c r e a s e d  f r o m  5 1 , 0 0 0  t o  
7 5 , 0 0 0  p s i ) ,  t h e  l i n e r  l e n g t h e n e d  by  0 . 0 0 1 5  i n .  o v e r  i t s  
p r e v i o u s  l e n g t h .  E v i d e n t l y ,  t h e  P o i s s o n ' s  r a t i o  e f f e c t  c a u s e s  
an  i n i t i a l  s h o r t e n i n g ;  h o w e v e r ,  t h e  l i n e r  f i n a l l y  b e c o m e s  s o  
p l a s t i c  i t  b e g i n s  t o  f l o w  a l o n g  t h e  p a t h  o f  l e a s t  r e s i s t a n c e .  
T h i s  i s  a c l e a r  i n d i c a t i o n  o f  t h e  s e v e r i t y  o f  t h e  p l a s t i c  w o r k  
s u s t a i n e d  by  t h e  l i n e r .  

8.3 APPLICATION OF RESULTS TO OTHER LINERS 

P r e v i o u s  s e c t i o n s  o f  t h e  r e p o r t  h a v e  shown  t h a t  t h e  t h e o -  
r e t i c a l  e q u a t i o n s  a r e  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  e x p e r i -  
m e n t a l  d a t a .  T h a t  i s ,  t h e  r e s p o n s e  o f  t h e  l i n e r  t o  t h e  
a p p l i e d  p r e s s u r e  c a n  be  a d e q u a t e l y ,  t h o u g h  c o n s e r v a t i v e l y ,  
d e s c r i b e d  by t h e  t h e o r y .  The f a c t  t h a t  t h e  a u t o f r e t t a g i n g  
p r e s s u r e s  p r o d u c e d  l e s s  f r i c t i o n a l  h o l d i n g  f o r c e s  t h a n  e x p e c t e d  
c a n  be  a t t r i b u t e d  t o  s t r a i n  h a r d e n i n g  o f  t h e  m a t e r i a l  a n d  t h e  
r e s u l t i n g  e l a s t i c  s p r i n g - b a c k  o f  t h e  l i n e r  when  t h e  p r e s s u r e  
was r e m o v e d .  I f  t h i s  s p r i n g - b a c k  c o u l d  be  p r e d i c t e d ,  l i n e r -  
s h e l l  c o m b i n a t i o n s  o f  o t h e r  d i m e n s i o n s  c o u l d  b e  a u t o f r e t t a g e d  
on t h e  b a s i s  o f  a n a l y t i c a l l y  p r e d i c t e d  p a r a m e t e r s .  

An a t t e m p t  was made  t o  c a l c u l a t e  t h i s  s p r i n g - b a c k  f r o m  
t h e  d a t a  o b t a i n e d  i n  t h i s  e x p e r i m e n t .  U n f o r t u n a t e l y ,  t h e  
s p r i n g - b a c k  d e m o n s t r a t e d  by  an  e l a s t o - p l a s t i c  l i n e r  was s o  
s m a l l  t h a t  t h e  s e t u p  u s e d  c o u l d  n o t  a c c u r a t e l y  m e a s u r e  i t .  
Y e t ,  t h e  e f f e c t  on t h e  c o n t a c t  p r e s s u r e  i s  a p p r e c i a b l e .  F o r  
e x a m p l e ,  0 . 0 0 0 5  i n .  o f  r a d i a l  s p r i n g - b a c k  r e l i e v e s  a b o u t  
1 , 5 0 0  p s i  o f  t h e  c o n t a c t  p r e s s u r e  f o r  a 7 - i n . - O D  s h e l l .  T h i s  
c o r r e s p o n d s  t o  a l m o s t  o n e - h a l f  o f  t h e  t o t a l  c o n t a c t  p r e s s u r e  
m e a s u r e d .  

9.0 CONCLUSIONS 

The s t u d y  c o n d u c t e d  s h o w e d  t h a t  h o l d  t i m e  a t  p r e s s u r e  
h a s  n e g l i g i b l e  e f f e c t  on t h e  r e s i d u a l  s t r a i n s  l o c k e d  i n  a f t e r  
t h e  p r e s s u r e  i s  r e l e a s e d .  T h i s  p r o v e d  t r u e  f o r  p r e s s u r e s  
h e l d  a s  l o n g  as  f i v e  h o u r s .  T h u s ,  i n  f u t u r e  a u t o f r e t t a g e  
p r o c e d u r e s ,  t h e  p r e s s u r e  h o l d  t i m e s  c a n  be  c o n s i d e r a b l y  
r e d u c e d .  N o m i n a l  h o l d  t i m e s  o f  f i v e  m i n u t e s  s h o u l d  be  s u f f i -  
c i e n t .  

The conclusions regarding liner clearance are not nearly 
as positive. Liners with diametrical clearances from 0.011 
to 0.020 in. responded the same to the autofrettage pressures; 
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h o w e v e r ,  two l i n e r s  w i t h  0 . 0 2 5 - i n .  c l e a r a n c e  d i f f e r e d .  The 
l i n e r s  w i t h  t h e  l a r g e r  c l e a r a n c e  a p p e a r e d  t o  h a v e  m o r e  
s p r i n g - b a c k  u p o n  r e l e a s e  o f  t h e  p r e s s u r e .  C o n s e q u e n t l y ,  
f u t u r e  l a u n c h  t u b e s  s h o u l d  b e  r e l i n e d  w i t h  t h e  t i g h t -  t o  
m e d i u m - f i t  l i n e r s .  

M u l t i p l e  c y c l e s  t o  t h e  same  p r e s s u r e  l e v e l  w e r e  a l s o  
f o u n d  t o  h a v e  n e g l i g i b l e  e f f e c t  on  t h e  r e s i d u a l  s t r a i n s  a n d  
c a n  b e  e l i m i n a t e d  a s  a r e q u i r e m e n t  f o r  f u t u r e  r e l i n i n g  
p r o j e c t s .  

As t h e  s t u d y  p r o g r e s s e d ,  i t  b e c a m e  a p p a r e n t  t h a t  t h e  
p r i m a r y  f a c t o r  i n f l u e n c i n g  t h e  e f f e c t i v e n e s s  o f  t h e  a u t o -  
f r e t t a g i n g  p r o c e d u r e  was t h e  p r e s s u r e  l e v e l  a c h i e v e d .  No 
i n t e r f e r e n c e  was  o b t a i n e d  a t  p r e s s u r e s  b e l o w  5 0 , 0 0 0  p s i .  
The p a r t i c u l a r  a m o u n t  r e q u i r e d  was f o u n d  t o  be  a f u n c t i o n  
o f  t h e  l a u n c h  t u b e  OD. 

The e x p e r i m e n t a l  d a t a  v e r i f i e d  t h a t  t h e  t h e o r e t i c a l  
e q u a t i o n s  a r e  r e a s o n a b l y  a c c u r a t e .  F u r t h e r m o r e ,  t h e  e r r o r  
i n  t h e  t h e o r y  i s  on t h e  c o n s e r v a t i v e  s i d e  f o r  t h e  n o r m a l  
d e s i g n  u s a g e .  T h a t  i s ,  t h e  a m o u n t  o f  p l a s t i c  y i e l d i n g  i s  
s l i g h t l y  o v e r e s t i m a t e d .  

Many c a l c u l a t i o n s  and  p l o t s  w e r e  made f r o m  t h e  e x p e r i -  
m e n t a l  d a t a  i n  an e f f o r t  t o  p r e d i c t  t h e  p e r f o r m a n c e  o f  a 
d i f f e r e n t  l i n e r .  T h i s  w o u l d  h a v e  b e e n  v e r y  h e l p f u l  i n  t h e  
f u t u r e  when  d i f f e r e n t  s i z e  l i n e r s  m i g h t  be  u s e d .  H o w e v e r ,  
o u r  e f f o r t s  p r o v e d  u n s u c c e s s f u l ,  a n d  a t  t h i s  p o i n t  i t  w o u l d  
be  d i f f i c u l t  t o  t h e o r e t i c a l l y  p r e d i c t  a c c u r a t e  r e s u l t s  o f  a 
l i n e r  w i t h  d i f f e r e n t  g e o m e t r y  t o  t h e  o n e s  t e s t e d  h e r e i n .  

I f  d e s i r e d ,  a d i r e c t  v e r i f i c a t i o n  t h a t  i n t e r f e r e n c e  h a s  
b e e n  c r e a t e d  b e t w e e n  t h e  l i n e r  and  l a u n c h  t u b e  c a n  b e  
o b t a i n e d  d u r i n g  t h e  a u t o f r e t t a g e  p r o c e d u r e .  A s t r a i n  g a g e  
c a n  b e  b o n d e d  t o  t h e  OD o f  t h e  l a u n c h  t u b e  and  m o n i t o r e d  
d u r i n g  t h e  p r e s s u r e  c y c l e .  The r e s i d u a l  s t r a i n  c a n  t h e n  be  
r e a d  d i r e c t l y  a f t e r  t h e  p r e s s u r e  i s  v e n t e d  a n d  i n t e r f e r e n c e  
a x i a l  f o r c e s  c a l c u l a t e d  by  t h e  same  m e t h o d s  as  u s e d  i n  t h i s  
e x p e r i m e n t .  
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S h o t  
NO. 

2911 

2912 

2913 

2916 

2918 

AEDC-TR-76-19 

Table 1. Measurements of Liner Movement for 013 Launch Tube 

P o w d e r  
W e i g h t ,  l b  

2 6 . 5  

2 6 . 5  

2 6 . 5  

N e x t  2 S h o t s  
a t  2 6 . 5  

2 6 . 5  

N e x t  S h o t  a t  
28 

28 

Liner Protrusion 

Breech 
End, in. 

0 . 0 0 1 5  t o  0 . 0 0 2 0  

M u z z l e  
End ,  i n .  

0 . 0 0 8 5  

0 . 0 0 1  

0 . 0 0 1  

0 . 0 0 3 5  

0 . 0 0 1  t o  0 . 0 0 3  

0.0105 

0.0105 

Remachined 
Flush 

Table 2. Measurements of Liner Movement for 011 Launch Tube 

S h o t  
No. 

3027  

3028 

3 0 2 9  

3030 

3031 

3032 

R e s u l t s  

L i n e r  s l i p p e d  d o w n r a n g e  0 . 0 2 3  i n .  

I n s t a l l e d  a 0 . 0 2 5 - i n . - t h i c k  a l u m i n u m  s p a c e r  on 
u p r a n g e  j o i n t .  L i n e r  s l i p p e d  d o w n r a n g e  an  
a d d i t i o n a l  0 . 0 3 0  i n .  f o r  a gap  o f  0 . 0 5 3  i n .  on  
t h i s  s h o t .  T h i s  gap  s h i f t e d  t o  d o w n r a n g e  j o i n t  
d u r i n g  t h e  p i s t o n  r e m o v a l  p r o c e s s  ( t h e  p r o c e s s  
a p p l i e s  a f o r c e  i n  t h e  u p r a n g e  d i r e c t i o n ) .  

I n s t a l l e d  a 0 . 0 6 2 - i n .  s p a c e r  on  d o w n r a n g e  j o i n t .  
D u r i n g  t h i s  s h o t  t h e  gap  i n c r e a s e d  an  a d d i t i o n a l  
0 . 0 9 8  i n .  f o r  a t o t a l  g a p  o f  0 . 1 5 1  i n .  a t  t h e  
d o w n r a n g e  j o i n t .  L i n e r  moved  u p r a n g e  o n l y  
0 . 0 0 8  i n .  a t  u p r a n g e  j o i n t .  

I n s t a l l e d  a 0 . 1 5 3 - i n .  s p a c e r  on  d o w n r a n g e  j o i n t .  
L i n e r  moved  a n  a d d i t i o n a l  0 . 0 5 5  i n .  f o r  a t o t a l  
g a p  o f  0 . 2 0 6  i n .  a t  t h e  d o w n r a n g e  J o i n t .  L i n e r  
moved  u p r a n g e  o n l y  0 . 0 3 1  i n .  a t  u p r a n g e  j o i n t .  

I n s t a l l e d  two s p a c e r s  on  d o w n r a n g e  j o i n t  o f  
0 . 2 0 8 - i n .  t h i c k n e s s .  I n s t a l l e d  a 0 . 0 3 5 - i n . -  
t h i c k  s u p p o r t  s h i m  a t  u p r a n g e  j o i n t .  

L a u n c h  t u b e  r e m o v e d  f r o m  s e r v i c e  a f t e r  t h i s  
s h o t .  
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T e s  t 
No.  

4 

5 

6 

7 

8 

10 

Table 3. Dimensions of Components Tested 

I d e n t i f i c a t i o n  
No.  

4A 
14A 

4A 
14C 

4B 
14B 

54 
14H 

52 
14D 

56 
14G 

4B 
50 

4B 
48 

4B 
51 

4B 
49  

I t e m  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
Liner 

OD, i n .  

7 . 0 0 2  
2 . 9 8 1 5  

7 . 0 0 2  
2,982 

6.998 
2.982 

10.983 
2.9819 

5 . 5 0 1  
2 . 9 8 4 4  

9 . 0 0 6 5  
2 . 9 8 3  

6.998 
2.990 

6 . 9 9 8  
2 . 9 7 6 5  

6.998 
2.990 

6 .  998 
2 .  976 

ID, in. 

3 . 0 0 1 5  
2 . 4 5 7 4  

3.0015 
2 . 4 5 7 6  

3.0005 
2.4573 

3 . 0 0 0 0  
2 . 4 5 7 2  

3.0025 
2 . 4 5 7 2  

3.0003 
2 . 4 5 5 9  

3 . 0 0 0 5  
2 . 4 5 7 3  

3 . 0 0 0 5  
2 . 4 5 7 2  

3 . 0 0 0 5  
2 . 4 5 6 1  

3 . 0 0 0 5  
2 . 4 5 5 5  

L e n g t h ,  
i n .  

10.180 
10.126 

10.180 
10.129 

10.178 
10.125 

10.178 
10.033 

10.1785 
10.128 

1 0 . 1 7 8  
1 0 . 1 2 5  

10.178 
10.125 

1 0 . 1 7 8  
1 0 . 1 2 5  

1 0 . 1 7 8  
1 0 . 1 2 8  

10.178 
10.127 

D i a m e t r a l  
C l e a r a n c e ,  

i n .  

0 . 0 2  

0.0195 

0 . 0 1 8 5  

0.0181 

0.0181 

0 . 0 1 7 3  

0. 0105 

O. 024  

0.0105 

0 . 0 2 4 6  

N o t e s :  1 .  The  s h e l l  m a t e r i a l  was  N a t i o n a l  F o r g e  Co .  NA 14 w i t h  
~ u l t  = 1 5 9 , 0 0 0  p s i  a n d  ~y = 1 4 5 , 0 0 0  p s i .  

2 .  The  l i n e r  m a t e r i a l  was  a n  e x t r u d e d  1026 c a r b o n  s t e e l  
w i t h  a q u o t e d  a u l  t = 8 5 , 0 0 0  p s i  a n d  ~y = 7 5 , 0 0 0  p s i .  
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Table 4. 7-in.-OD Shell with Medium-Fit Liner (0.020-in. Clearance) 
Tasted for the Effect of Pressure Hold Time (Test No. 1) 

Cycle 

1 

2 

3 

Elapsed 
Time, 

AT, hr 

0 
1 . 8 0  
5 . 0 4  
5 . 0 9  

I n t e r n a l  
P r e s s u r e ,  
Pi' k s i  

21 
21 
21 

0 

C i r c u m f e r e n t i a l  
S t r a i n ,  6 t ,  

~ i n . / i n . ,  a v g  

55 
62 
62 
11 

L o n g i t u d i n a l  
S t r a i n ,  C~, 
b i n . / i n . ,  avg  

At t h i s  p o i n t  t h e  t e s t  a r t i c l e  was d i s a s s e m b l e d  

0 
0 
0 

18 

and  c o m p o n e n t  d i m e n s i o n s  m e a s u r e d .  
s t i l l  l o o s e .  

0 . 3 0  
0 . 6 5  
1 . 6 5  
2 . 9 0  
5 . 0 1  
5 . 0 6  
5 . 8 1  

51 
49 
49 
49 
49 

0 
0 

475 
471 
464 
461 
458 

- 15 
- 15 

L i n e r  was 

I 

- 1 1 2  
- 1 1 2  
- 1 1 5  
- 1 1 5  
- 1 2 1  
- 11 
- i 0  

At t h i s  p o i n t  t h e  t e s t  a r t i c l e  was d i s a s s e m b l e d  
and  c o m p o n e n t  d i m e n s i o n s  m e a s u r e d .  L i n e r  was 
s t i l l  l o o s e .  

i 0. i0 20 
0.22 50 
0.45 75 
1.00 0 

185 
492 
765 

95* 

* T e s t  a r t i c l e  was d i s a s s e m b l e d  and  l i n e r  was 
s t u c k .  R e s i d u a l  s t r a i n  r e a d i n g  i n a c c u r a t e .  

t i I i 

- 39 
- 1 1 6  

- - i  

48* 
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C y c l e  

1 

2 

3 

4 

5 

6 

Table 5. 7-in.-OD Shell with Medium-Fit Liner (0.020-in. Clearance) 
Tested for the Effect of Hold Time and Pressure Cycles 
(Test No. 2) 

Elapsed 
Time, 

AT, hr 

0 
0.62 
0.73 

0.74 
0.81 
1.01 
1.09 

1.12 
1.31 
1.32 
1.46 

1.47 
1.54 
1.86 
1.69 
1.77 
1.79 
1.87 

I .  97 
2.01 
2.09 
2.14 
2.24 
2.26 
2.32 
2.34 

2.41 
2.44 
2.49 
2 . 52  
2 . 6 0  
2 .63  
2 .71  
2 . 73  
2 . 8 1  

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

0 
18 
18 

0 
18 
20 
20 

0 
18 
20 
20 

0 
20 
20 
29 
29 
20 
20 

0 
20 
20 
29 
29 
20 
20 
0 

0 
2O 
20 
29 
29 
20 
20 
0 
0 

Circumferential 
Strain, ct, 

~in./in., avg 

0 
32 
32 

0 
30 
52 
50 

- 10 
30 
40 
42 

- 10 
52 
52 

180 
182 
95 
95 

- 10 
89 
82 

185 
185 
90 
90 

- 11 

- 10 
92 
90 

182 
184 
92 
90 

- 11 
- 1 0  

Longitudinal 
Strain, c~, 
~in./in., avg 

0 
- 6 

- 6 

0 
- 6 

- 1 9  

- 2 0  

- I 0  

- 1 5  

- 1 7  

- 1 6  

- 1 0  

- 2 1  

- 2 2  

- 4 6  

- 4 5  

- 2 9  

- 3 2  

- 1 0  

- 2 8  

- 2 7  

- 4 9  

- 4 6  

- 3 3  

- 3 3  

- 1 0  

- i 0  

- 2 9  

- 2 8  

- 4 8  

- 4 9  

- 3 5  

- 3 5  

- 1 0  

- i 0  
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Table 5. Continued. 

C y c l e  

7 

8 

9 

10 

E l a p s e d "  
T ime ,  

AT, h r  

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

2 . 9 8  

E q u i p m e n t  

3 . 0 0  
3 . 1 0  
3 . 1 3  
3 . 2 1  
3 . 2 4  
3 . 3 4  
3 . 3 6  
3 . 4 4  
3 . 4 7  
3 . 5 5  

3 . 5 7  
3 . 6 2  
3 . 6 9  
3 . 7 2  
3 . 7 7  
3 . 8 0  
3 . 8 3  

3.8S 
3 . 8 8  
3 . 9 2  
3 . 9 4  
3 . 9 9  
4 . 0 2  

4 . 0 4  
4 . 0 9  
4 . 1 4  
4 . 1 7  
4 . 2 0  
4 . 2 8  
4 . 3 1  
4 . 3 9  
4 . 4 1  
4 . 4 3  

0 

rezeroed 

20 
20 
30 
30 
39 
39 
30 
30 
20 
20 

0 
20 
20 
30 
39 
30 
20 

0 
20 
30 
39 
3O 
20 

0 
20 
3O 
40 
50 
50 
40 
40 
30 
20 

C i r c u m f e r e n t i a l  
S t r a i n ,  e t ,  

~ i n . / i n . ,  a v g  

- 10 

p r i o r  t o  n e x t  

102 
100 
2O8 
2O6 
34O 
342 
25O 
248 
145 
145 

0 
138 
138 
242 
345 
255 
150 

0 
145 
249 
349  
26O 
152 

0 
142 
248 
351 
5OO 
5OO 
4O8 
401 
3OO 
199 

Longitudinal 
Strain, ~, 
~in./in., avg 

- 8 

cycle. 

- 19 
- 19 

- 44 

- 45 

- 69 

- 68 

- 54 

- 55 

- 32 

- 29 

0 
- 24 
- 24 

- 51 

- 75 

- 63 

- '37 

0 
- 25 
- 50 

- 75 

- 64 

- 40 

0 
- 25 
- 51 

- 75 

- 88 

= 99 

- 91 

- 89 

- 66 

- 37 
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Table 5. Continued 

C y c l e  

11 

12 

13 

E l a p s e d  
T ime ,  

AT, h r  

4.45 
4.48 
4.51 
4.54 
4.57 
4.65 
4.68 
4.71 
4.73 

4.75 
4.80 
4 . 8 2  
4.85 
4.88 
4 . 9 0  
4 . 9 2  
4 . 9 5  
4 . 9 7  
5 . 3 2  

I n t e r n a l  
P r e s s u r e ,  
Pi' ksi 

0 
20 
30 
40 
50 
50 
40 
30 
20 

0 
20 
30 
40 
50 
40 
30 
20 

0 
0 

C i r c u m f e r e n t i a l  
S t r a i n ,  c t ,  

~ i n . / i n . ,  avE 

0 
190 
295 
400 
510 
510 
412 
308 
202 

0 
200 
301 
409 
510 
416 
308 
2O9 

0 
0 

L o n g i t u d i n a l  
S t r a i n ,  c~ ,  
~ i n . / i n . ,  avg  

0 
- 34 
- 59 

- 86 

- 1 1 2  

-112 
-i01 
- 76 
- 46 

3 
- 35 
- 63 

- 89 
-114 
-103 
- 80 
- 50 

3 
11 

B r o k e  down a s s e m b l y  and  m e a s u r e d  c o m p o n e n t s .  
L i n e r  was s t i l l  l o o s e .  

7 . 4 7  
7 . 4 9  
7 . 5 6  
7 . 5 9  
7 . 6 7  
7 . 7 0  
7 . 7 7  
7 . 8 0  
7 . 8 7  
7 . 9 9  
8 . 0 2  
8 . 0 5  

0 
20 
20 
30 
30 
40 
40 
50 
34 
40 
50 
60 

0 
201 
200 
301 
305 
410 
410 
515 
372 
440 
541 
648 

11 
- 40 
- 39 

- 65 

- 64 

- 91 

- 91 
-120 
- 93 
- 94 
-115 
-142 
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Table 5. Continued 

C y c l e  

13 
c o n t ' d  

14 

15 

Elapsed 
Time, 

AT, hr 

8 . 3 3  
8 . 3 6  
8 . 4 3  
8 . 4 5  
8 . 5 0  
8 . 5 2  
8 . 5 5  
8 . 5 7  
8 . 5 9  

8 . 8 6  

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

58 
60 
60 
50 
50 
39 
28 
20 

0 

0 

R e z e r o e d  

30 
30 
40 
50 
59 
59 
50 
50 

C i r c u m f e r e n t i a l  
S t r a i n ,  c t ,  

~ i n . / i n . ,  a v g  

8 . 9 3  
9 . 0 1  
9 . 0 3  
9 . 0 6  
9 . 1 4  
9 . 2 1  
9 . 2 3  
9 . 3 1  
9 . 3 3  4O 
9 . 4 1  40 
9 . 4 4  30 
9 . 5 1  30 
9 . 5 3  20 
9 . 5 5  10 
9 . 5 7  5 
9 . 5 9  0 

9 . 6 9  0 
9 . 7 6  20 
9 . 7 9  30 
9 . 8 6  40 

50 

631 
650 
649  
558 
550 
444 
330 
251 

25 

28 

s t r a i n  g a g e s .  

9 . 8 9  

Longitudinal 
Strain, e~9 
IAin./in., avg 

- 1 4 1  
- 1 4 3  
- 1 4 3  
- 1 3 2  
- 1 3 2  
- 1 0 5  
- 78 
- 58 

13 

11 

- 7 0  

- 7 0  

- 98 
- 1 2 9  
- 1 3 9  
- 1 3 9  
- 1 3 2  
- 1 3 2  
- 1 1 3  
- 1 1 2  
- 87 
- 8 7  

- 5 7  

- 2 7  

- 8 

I 0  

11 
- 40 
- 7 0  

- 99 
- 1 2 2  

339  
338  
443 
546 
638 
647  
553 
548 
448 
447 
346 
346 
239 
136 

79 
28 

28 
239 
340 
448 
550 
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Table 5. Continued 

C y c l e  

15 
c o n t  ' d 

16 

17 

Elapsed 
Time, 

AT, hr 

9 . 9 4  
9 . 9 7  
9 . 9 9  

1 0 . 0 4  
1 0 . 0 6  
1 0 . 0 8  
1 0 . 1 0  
1 0 . 1 2  

1 0 . 1 5  
1 0 . 2 0  
1 0 . 2 3  
1 0 . 2 6  
1 0 . 2 9  
1 0 . 3 1  
1 0 . 4 1  
1 0 . 4 9  
1 0 . 5 1  
1 0 . 5 4  
1 0 . 5 7  
1 0 . 5 9  
1 0 . 6 1  
1 0 . 6 3  

1 0 . 6 5  
1 0 . 7 0  
1 0 . 7 5  
1 0 . 7 7  
1 0 . 7 9  
1 0 . 8 4  
1 0 . 8 9  
1 0 . 9 1  
1 0 . 9 3  
1 0 . 9 6  
1 0 . 9 9  
1 1 . 0 1  
1 1 . 0 4  
1 1 . 0 7  

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

59 
60 
50 
40 
30 
20 
I 0  

5 

0 
20 
30 
40 
50 
60 
64 
64 
60 
50 
40 
30 
18 
i 0  

0 
20 
3O 
4O 
5O 
6O 
63 
64 
60 
5O 
40 
3O 
20 
10 

C i r c u m f e r e n t i a l  
S t r a i n ,  e t ,  

~ i n . / i n . ,  a v g  

639  
648 
560 
458 
353 
242 
143 

89 

28 
236 
340 
449 
550 
653 
697 
710 
670  
568 
46O 
358 
233 
144 

38 
248 
353 
460 
558 
659 
700 
708 
677  
560 
468 
36O 
258 
150 

L o n g i t u d i n a l  
S t r a i n ,  e ~ ,  
~ i n . / i n . ,  avg  

- 1 4 4  
- 1 4 3  
- 1 3 9  
- 1 1 7  
- 92 
- 5 8  

- 2 8  

- 9 

10 
- 4 0  

- 70 
- 1 0 2  
- 1 2 5  
- 1 4 5  
- 1 5 3  
- 1 5 4  
- 1 5 3  
- 1 4 0  
- 1 1 9  
- 95 
- 5 3  

- 28 

10 
- 40 
- 7 0  

- 99 
- 1 2 2  
- 1 4 5  
- 1 5 3  
- 1 5 4  
- 1 5 4  
- 1 4 0  
- 1 1 9  
- 96 
- 6 0  

- 2 9  
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Table 5. Continued 

C y c l e  

18 

19 

20 

Elapsed 
Time, 

AT, hr 

1 1 . 0 9  
1 1 . 1 4  
1 1 . 1 7  
1 1 . 2 0  
1 1 . 2 3  
1 1 . 2 6  
1 1 . 2 9  
1 1 . 3 2  
1 1 . 3 4  
1 1 . 3 7  
1 1 . 3 9  
1 1 . 4 1  
1 1 . 4 3  

1 1 . 4 5  
1 1 . 5 0  
1 1 . 5 5  
1 1 . 7 7  
1 1 . 8 2  
1 1 . 8 5  
1 1 . 8 8  
1 2 . 0 1  

I n t e r n a l  
P r e s s u r e ,  

12 .  
12 .  
12 .  
12 .  
12 .  
12 

12 
12 
12 
12 
12 
12 
12 
1 2 . 6 1  
1 2 . 6 8  

Pi' ksi 

0 
20 
30 
40 
50 
60 
64 
60 
50 
40 
30 
20 
10 

0 
20 
30 
40 
50 
60 
65 
69 

C i r c u m f e r e n t i a l  
S t r a i n ,  C t ,  

~ i n . / i n .  , a v g  

L o n g i t u d i n a l  
Strain, c~, 
~in./in., av~ 

11 
- 40 
- 7 0  

- 99 
- 1 2 3  
- 1 4 5  
- 1 5 3  
- 1 5 3  
- 1 3 9  
- 1 1 9  
- 94 

63 
28 

10 

09 69 
17 50 
19 40 
21 30 
23 20 

. 25  10 

. 2 7  0 

.32  20 

. 37  30 

. 4 0  40 
• 4 5  5 0  

• 48 60 
. 51  65 

68 
69 

38 
248 
350 
459 
560 
6 6 4  
702 
679  
567 
468 
360  
259 
158 

38 
249 
358 
468 
568 
670  
716 
760 
786 
580 
488 
378 
279 
166 

56 
263 
368 
479 
580 
680 
733 
759 
786 

- 3 9  

- 6 9  

- 98 
- 1 2 1  
- 1 4 2  
- 1 5 0  
- 1 5 5  
- 1 5 9  
- 1 3 7  
- I 1 8  
- 92 
- 5 9  

- 25 

11 
- 39 
- 6 4  

- 94 
- 1 1 9  
- 1 4 0  
- 1 4 9  
- 1 5 4  
- 1 5 9  
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Table 5. Continued 

C y c l e  

20 
c o n t ' d  

21 

22 

Elapsed 
Time, 

~T, hr 

1 2 . 7 0  
1 2 . 7 3  
1 2 . 7 6  
1 2 . 7 9  
1 2 . 8 1  
1 2 . 8 3  
1 2 . 8 5  
1 2 . 8 7  
1 2 . 9 5  

1 3 . 8 5  
1 3 . 9 5  
1 4 . 0 0  
1 4 . 0 3  
1 4 . 0 8  
1 4 . 1 0  
1 4 . 1 3  
1 4 . 2 5  
1 4 . 3 0  
1 4 . 3 5  
1 4 . 4 2  
1 4 . 4 5  
1 4 . 4 7  
1 4 . 5 0  
1 4 . 5 2  
1 4 . 5 4  

1 4 . 5 6  
1 4 . 6 1  
1 4 . 6 6  
1 4 . 6 9  
1 4 . 7 2  
1 4 . 7 5  
1 4 . 7 7  
1 4 . 8 0  
1 4 . 8 5  
1 4 . 9 3  
1 4 . 9 6  
1 4 . 9 9  
1 5 . 0 1  

I n t e r n a l  
Pressure, 

C i r c u m f e r e n t i a l  
S t r a i n ,  c t ,  

~ i n . / i n . ,  avg  P i '  k s i  

65 
60 
50 
40 
30 
20 
10 

0 
0 

0 
20 
30 
40 
50 
60 
65 
65 
68 
69 
57 
50 
40 
3O 
2O 
10 

0 
20 
3O 
4O 
5O 
6O 
65 
67 
70 
70 
74 
5O 
3O 

758 
708 
588 
488 
388 
282 
169 

58 
58 

58 
260 
368 
478 
579 
687 
736 
738 
768 
786 
66O 
593 
489 
389 
284 
174 

6O 
27O 
378 
488 
589 
689  
729 
768 
778 
8O7 
83O 
6O7 
394 

L o n g i t u d i n a l  
S t r a i n ,  c , ,  
~in./in. , "~avg 

- 1 5 9  
- 1 5 5  
- 1 3 6  
- 1 1 7  
- 94 
- 6 0  

- 26 
I0  
11 

I i  
- 40 
- 6 9  

- 98 
-122 
-143 
-149 
-151 
-155 
-157 
-148 
-136 
-116 
- 96 
- 59 

- 22 

10 
- 38 
- 65 

- 96 
-121 
-143 
-146 
-159 
-164 
-171 
-174 
-148 
- 96 
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C y c l e  

23 

24 

E l a p s e d  
Time, 

AT, h r  

Tabb 5. 

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

15.04 
15.09 
15.16 
15.21 
15.29 
15.31 
15.34 
15.41 
15.49 
15.51 
15.53 
15.58 
15.60 

15.62 
15.77 
15.82 
15.87 
15.94 
1 5 . 9 9  
1 6 . 0 1  
1 6 . 0 3  
1 6 . 1 1  
1 6 . 1 9  
1 6 . 2 7  
1 6 . 3 5  
1 6 . 4 2  
1 6 . 5 2  
1 6 . 6 0  
1 6 . 6 8  
1 6 . 7 0  
1 6 . 7 2  
1 6 . 7 5  
1 6 . 8 5  
1 6 . 9 0  

Readings 

0 
30 
50 
68 

73 
77 
50 
74 
75 
67 
58 
50 
30 

0 
30 
50 
67 
74 
74 
50 
73 
73 
73 
73 
73 
75 
74 
74 
74 
50 
30 
0 
0 
0 

taken to 

Conclud~ 

Circumferential 
S t r a i n ,  ct, 

~ i n . / i n . ,  avg  

m o n i t o r  d r i f t .  

68  
3 7 9  
596 
778 
8 2 9  
8 5 9  
6 0 4  
8 2 9  
860  
8O0 
700 
610 
400 

74 
386  
6 0 0  
783 
843  
8 5 9  
616  
848  
8 4 9  
850  
8 4 9  
848  
868  
868  
868  
867  
6 1 7  
416 

77 
78 
77 

g a g e  

L o n g i t u d i n a l  
S t r a i n ,  c£ ,  
~ i n . / i n . ,  avl 

i 

9 
- 67  
- 1 2 0  
- 1 6 4  
-173  

m ~ m  

- 1 4 6  
-170 
-177 
-176 
-165 
-148 
- 98 

7 
- 69 

-129 
-164 
-174 
-179 
-150 
-177 
-175 
-174 
-174 
-175 
-179 
-175 
-177 
-180 
-150 
-104 

5 
6 
5 
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Table 6. 7-in.-OD Shell with Medium-Fit Liner (0.0185-in. Clearance) 
Tested for the Effect of Liner Clearance (Test No. 3) 

Cycle 

1 

2 

E l a p s e d  
Time, 

AT, h r  

0 
0.03 
0.27 

I n t e r n a l  
P r e s s u r e ,  
Pi' k s i  

0 
20 
30 

C i r c u m f e r e n t i a l  
S t r a i n ,  c t , 

u i n . / i n . ,  avg  

0 
55 

m - - - -  

Leak developed in the supply line. 

0 . 4 8  J 20 [ 90 
0 . 5 5  30 194 
0 . 6 3  50 - - -  

Leak  d e v e l o p e d  i n  i n t e n s i f i e r .  

0.68 
0.70 
0.77 
1.05 

i. 08 

28 
20 

0 
0 

0 

210 
141 

7 
2 

0 

R e p a i r e d  l e a k y  i n t e n s i f i e r  and  
r e z e r o e d  s t r a i n  g a g e s .  

1 . 1 6  20 128 
1 . 2 3  40 336 
1 . 5 8  60 666 
1 . 6 6  70 773 

S e a l s  i n  t e s t  r i g  l e a k e d  s l i g h t l y .  

1.76 
1.95 
2.06 
2.11 
2.16 
2.20 
2.25 

59 
68 
74 
71 
60 
40 
19 

675 
759 
834 
802 
700 
490 
279 

L o n g i t u d i n a l  
S t r a i n ,  c~ ,  
~ i n . / i n . ,  avg  

0 
- 9 

- 1 9  

- 41 

- 5 0  

- 3 0  

6 

0 

0 

- 3 0  

- 88 
- '143 
- 1 6 5  

- 1 5 1  
- 1 6 0  
- 1 7 0  
- 70 
- 1 5 1  
- 98 
- 4 6  
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Table 6. Concluded 

C y c l e  

4 

E l a p s e d  
T ime ,  

AT, h r  

2 . 3 0  
2 . 3 6  
2 . 4 1  
2 . 5 0  
2 . 5 5  

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

0 
20 
40 
60 
70 

S e a l s  l e a k e d  s l i g h t l y .  

2 . 6 0  50 
2 . 6 6  52 
2 . 6 8  70 

S e a l s  l e a k e d  s l i g h t l y .  

C i r c u m f e r e n t i a l  
S t r a i n ,  ~ t ,  

~ i n . / i n . ,  a v g  

80 
269 
466 
680 
760 

685 
701 
782 

2 . 7 0  
2 . 7 3  
2 . 7 5  
2 . 7 8  
3 . 4 5  

6o i 
40 
14 

0 
0 

D i s a s s e m b l e d  t e s t  
s e a l s .  

693 
485 
221 

75 
72 

a r t i c l e  and  r e p l a c e d  

6 . 6 6  
7 . 0 0  
7 . 0 5  
7 . 0 8  
7 . 5 8  

0 
20 
40 
60 
61 

New s e a l s  l e a k e d .  

7 . 6 0  40 
7 . 6 3  20 
7 . 6 5  0 
8 . 0 3  0 

75 
270 
471 
682 
700 

4 8 9  

281 
75 
75 

R e a d i n g s  t a k e n  t o  m o n i t o r  g a g e  d r i f t .  

J I I 

L o n g i t u d i n a l  
S t r a i n ,  ¢£ ,  
~in./in., ave 

- 9 

- 3 5  

- 80 
- 1 3 5  

- 1 3 0  
- 1 4 1  

- 1 5 0  
- 1 0 0  
- 27 

11 
8 

25 
- 1 9  

- 6 6  

- 1 2 8  
- 1 3 0  

- 9 6  

- 33 
30 
27 
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Table 7. 7-in.-OD Shell with Tight-Fit Liner (0.0105-in. Clearance) 
Tested for the Effect of Liner Clearance (Test No. 7) 

C y c l e  

1 

2 

E l a p s e d  
T ime ,  

AT, h r  

I n t e r n a l  
P r e s s u r e ,  

P i '  k s i  

0 
0 . 1 7  
0 . 2 5  
0 . 2 8  
0 . 3 2  
0 . 3 3  
0 . 4 2  
O. 45 
O. 48 
O. 50 

0 . 5 5  
0 . 5 8  
0 . 6 7  
0 . 7 0  
0 . 7 5  
0 . 7 8  
O. 83 
0 . 8 5  
0 . 8 8  
O. 92 
0 . 9 5  
1 . 1 5  

R e a d i n g  

I 

0 
20 
40 
60 
70 
75 
70 
60 
40 

0 

0 
20 
40 
60 
70 
75 
70 
60 
40 
20 

0 
0 

t a k e n  t o  

C i r c u m f e r e n t i a l  
S t r a i n ,  c t ,  

~ i n . / i n . ,  avg  

L o n g i t u d i n a l  
S t r a i n ,  ~ ,  
~ i n . / i n . ,  a v g  

0 
49 

335 
624  
766 
835 
795 
692 
486 

72 

72 
270 
463 
669 
776 
838 
796 
693 
487 
289 

78 
85 

m o n i t o r  g a g e  d r i f t .  

I 

0 
- lO 
- 69 
- 1 1 9  
- 1 3 9  
- 1 5 0  
- 1 5 0  
- 1 3 5  
- 84 

20 

20 
20 

- 70 
- 1 2 0  
- 1 4 1  
- 1 5 0  
- 1 5 0  
- 1 3 5  
- 89 
- 29 

2O 
35 

52 
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C y c l e  

1 

2 

3 

Table 8. 7-in.-OD Shell with Tight-Fit Liner (0.0105-in. Clearance) 
Tested for the Effect of Liner Clearance (Test No. 9) 

Elapsed 
Time, 

AT, hr 

I n t e r n a l  
P r e s s u r e ,  

P i '  k s t  

0 
0 . 4 7  
0 . 4 9  
0 . 5 7  
0 . 6 5  
O. 70 
0 . 7 5  
0 . 7 7  
0 . 7 9  
0 . 8 1  

0 . 8 4  
0 . 9 1  
O. 94 
1 . 0 1  
1 . 0 4  
1 . 0 7  
1 . 0 9  
1 . 1 2  
1 . 1 4  
1 . 1 9  

1 . 2 2  
1 . 2 7  
1 . 2 9  
1 . 3 6  
1 . 3 8  
1 . 4 3  
1 . 5 3  
1 . 5 5  
1 . 5 7  
1 . 5 9  
1 . 6 1  
1 . 7 1  

R e a d i n g  

0 
20 
40 
60 
70 
75 
70 
60 
40 
20 

0 
20 
40 
60 
70 
75 
70 
60 
40 
20 

0 
20 
40 
60 
70 
75 
70 
60 
40 
20 

0 
0 

t a k e n  

C i r c u m f e r e n t i a l  
S t r a i n ,  ~ t ,  

~ t n . / i n . ,  a v g  

0 
51 

322 
600  
730 
790 
740 
645  
465 
267 

61 
248 
429 
627 
730 
786 
737 
646 
456 
268 

70 
250 
434 
634  
734 
788 
736 
644 
452 
268 

69 
73 

t o  m o n i t o r  g a g e  d r i  

L o n g i t u d i n a l  
S t r a i n ,  c ~ ,  
b i n . / i n . ,  av~ 

0 
- 10 
- 79 
-131 
-159  
-169  
-163 
-152  
-105  
- 38 

11 
- 28 
- 79 
-130 
- 1 5 8  
- 1 6 4  
- 1 6 1  
- 1 5 1  
- 1 1 5  
- 54 

8 
- 29 
- 80 
- 1 3 0  
- 1 5 5  
- 1 6 5  
- 1 6 2  
- 1 5 0  
- 1 2 2  
- 50 

10 
21 

f t .  

53 
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Table 9. 7-in.-OD Shell with Loose-Fit Liner (0.024-in. Clearance) 
Tested for the Effect of Liner Clearance (Test No, 8) 

C y c l e  
E l a p s e ~  

Time,  
AT, h r  

0 

2 

C i r c u m f e r e n t i a l  
S t r a i n ,  ~ t ,  

: t n . / t n . ,  avg  

I n t e r n a l  
Pressure, 
PI' ksi 

L o n g i t u d i n a l  
S t r a i n ,  ~ ,  
~ i n . / t n . ,  avg 

0 I o 
S e a l s  in t h i s  t e s t  w e r e  a l s o  u s e d  f o r  

45 
340 
626 
761 
830 

725 
781 
835 

a p r e v i o u s  t e s t .  

0 . 3 0  20 
0 . 3 5  40 
0 . 4 3  60 
0.50 70 
0 . 5 5  75 

S e a l s  l e a k e d  s l i g h t l y .  

0.58 64 
0.62 70 
0.70 75 

S e a l s  h e l d  f o r  a p p r o x i m a t e l y  two 
m i n u t e s  t h e n  l e a k e d  s l i g h t l y .  

686 
481 
276 

51 
256 
446 
663 

662 
683 
735 
770 

726 
773 
827 

688 
735 
786 
835 

686 
476 
277 

56 
58 

60 
40 
20 

0 
20 
40 
60 

0 . 7 5  
0 . 7 8  
0 . 8 0  

0 . 8 2  
0 . 8 7  
0 . 9 0  
0 . 9 8  

S e a l s  l e a k e d  s l i g h t l y .  

1 . 0 8  58 
1 . 1 3  60 
1 . 1 7  65 
1 . 2 0  70 

S e a l s  l e a k e d  s l i g h t l y .  

1 . 2 5  65 
1 . 3 5  70 
1 . 4 2  75 

S e a l s  l e a k e d  s l l g h t l y .  

1 . 4 7  61 
I. 50 65 
1.58 70 
1 . 8 3  75 

i 

S e a l s  l e a k e d  s l l g h t l y .  

1 . 8 7  60 
1 . 9 0  40 
1 . 9 2  20 
1 . 9 3  0 
2.08 0 

R e a d i n g  t a k e n  t o  m o n i t o r  g a g e  d r i f t .  

i [ I 

- 1 8  

- 8 0  

-119 
-150 

- 1 4 0  
- 1 4 2  
- 1 5 6  

- 1 2 7  
- 94 
- 35 

10 
- 37 
- 8 7  

- 1 2 1  

-120 
-115 
-127 
-155 

-146 
-151 
-160 

- 1 3 7  
- 1 4 0  
- 1 5 1  
- 1 6 0  

- 1 3 1  
- 90 
- 38 

12 
14 

5 4  
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Table 10. 7-in.-OD Shell with Loose-Fit Liner (0.0245-in. Clearance) 
Tested for the Effect of Liner Clearance (Test No. 10) 

C y c l e  

1 

2 

3 

E l a p s e d  
T ime ,  

AT, h r  

I n t e r n a l  
P r e s s u r e ,  
Pi' ksi 

0 
0 . 3 4  
0 . 3 9  
0 . 4 4  
O. 54 
O. 57 
0 . 6 4  
0 . 6 7  
O. 70 
O. 72 

O. 74 
0 . 7 7  
0 . 8 0  
0 . 8 7  
0 . 8 9  
O. 92 
0 . 9 9  
1.01 
1 . 0 4  
1 . 0 6  

1 . 0 8  
1 . 1 3  
1 . 1 8  
1 . 2 1  
1 . 2 4  
1 . 2 7  
1 . 3 2  
1 . 3 4  
1 . 3 6  
1 . 3 9  
1 . 4 2  
1 . 4 7  

Reading 

0 
20 
40 
60 
70 
75 
70 
60 
40 
20 

0 
20 
40 
60 
70 
75 
70 
60 
40 
90 

0 
20 
40 
60 
70 
75 
70 
57 
40 
18 

0 
0 

t a k e n  t o  

C i r c u m f e r e n t i a l  
S t r a i n ,  ~ t ,  

~ i n . / i n . ,  a v g  

d r i f t .  

Longitudinal 
Strain, ~, 
~in./in., av~ 

0 
50 

314  
590 
720 
781 
737 
634  
444 
245 

45 
234 
417 
623 
725 
782 
738 
635 
436 
245 

47 
237 
425 
624 
724 
777 
738 
611 
438 
226 

50 
55 

monitor gage 

0 
- 10 
- 69 
- 1 1 8  
- 1 4 1  
- 1 5 1  
- 1 5 1  
- 1 3 7  
- 92 
- 37 

9 
- 29 
- 71 
- 1 3 0  
- 1 5 1  
- 1 6 2  
- 1 5 9  
- 1 4 1  
- 99 
- 39 

7 
- 29 
- 80 
- 1 2 9  
- 1 5 0  
- 1 6 0  
- 1 5 6  
- 1 3 5  
- 99 
- 40 

9 
20 

55 



AEDC-TR-76-19 

Table 11. 5.5- in . -OD Shell with Medium-Fi t  Liner (0 .0181- in .  Clearance) 
Tested for the Effect of Launch Tube OD (Test No. 5) 

Cycle 

2 

3 

E l a p s e d  
Time, 

AT, h r  

0 
0 
0 
0 
0 

I n t e r n a l  
P r e s s u r e ,  
Pi' ksi 

0 0 
.03 20 
.20 40 
.27 50 
.45 55 
• 52 60 

50 
40 
20 

0 
20 
40 
50 
60 
50 
40 
20 

0 
20 
40 
60 
40 
20 

0 
0 

r e a d i n g  

0 . 6 2  
0 . 6 3  
0 . 6 7  

0 . 7 0  
0 . 7 7  
0 . 8 0  
0 . 8 5  
O. 92 
1 . 0 0  
1 . 0 2  
1 . 0 5  

1 . 0 8  
1 . 1 3  
1 . 1 7  
1 . 2 5  
1 . 4 2  
1 . 4 5  
1 . 5 0  
1 . 5 8  

L a s t  t a k e n  t o  

C i r c u m f e r e n t i a l  
S t r a i n ,  ~ t ,  

a i n . / i n . ,  avg  

0 
56 

553 
806 
950 

1066 
916 
732 
405 

62 
378 
707 
864 

1066 
895 
734 
413 

69 
387 
715 

1076 
744 
420 
79 
81 

monitor 

L o n g i t u d i n a l  
S t r a i n ,  c~ ,  
~ i n . / i n . ,  avg 

g a g e  

0 
- 40 
-161 
-214 
-240 
-275 
-235 
-196 
- 83 

10 
- 81 
-183 
-226  
-279  
-237  
-187  
- 98 

8 
- 79 
- 1 7 9  
-277 
-185 
- 95 

13 
30 

drift. 

56 
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Table 12. 9-in.-OD Shell with Medium-Fit Liner (0.0173-in. Clearance) 
Tested for the Effect of Launch Tube OD (Test No. 6) 

Cycle 

1 

2 

Elapsed 
Time, 

AT, hr 

0 
0.02 
0.03 
0.05 
0.07 
0.12 
0.15 
0.17 
0.27 

I n t e r n a l  
P r e s s u r e ,  
Pi' ksi 

0 
15 
16 
17 
18 
20 
40 
60 
70 

S e a l s  l e a k e d  s l i g h t l y .  

0 . 3 3  53 
0 . 3 5  70 

S e a l s  l e a k e d  s l i g h t l y .  

0 . 4 7  70 I 
0 . 5 2  80 

S e a l s  l e a k e d  s l i g h t l y .  

C i r c u m f e r e n t i a l  
S t r a i n ,  e t ,  

~ i n . / i n . ,  avg  

0 
0 
0 
0 
5 

20 
180 
340 
417 

I 53 
53 
70 
75 
80 
85 
80 
60 
40 
20 

0 
20 
40 
60 
70 
73 

336 
440 

435 
4 9 6  

0.60 
0.68 

0.73 
0.85 
0.92 
1.00 
1.08 
I. 13 
1.17 
1.18 

1.20 
1.30 
1.35 
1.40 
1.42 
1.52 

347 
35O 
445 
475 
5O5 
536 
515 i 
398 
285 
171 

51 
156 
266 
385 
445 
461 

O - R i n g  s e a l  b l e w  o u t  o f  t e s t  a r t i c l e .  

1 . 6 0  0 55 
1 . 9 3  0 56 

R e a d i n g  t a k e n  t o  m o n i t o r  g a g e  d r i f t .  

I I 

L o n g i t u d i n a l  
S t r a i n ,  ~, 
b i n . / i n . ,  av~ 

0 
- 1 

- I 

- 1 

0 
- 1 

- 26 

- 56 

- 72 

- 81 
m m - -  

- 7 8  

- 9 0  

- 8 0  

- 7 7  

- 7 6  

- 8 1  

- 8 6  

- 95 
- I 0 0  
- 94 
- 7 8  

- 5 2  

- 2 6  

- 2 4  

- 4 6  

- 7 4  

- 86 

- 29 

- 27 
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T a b l e  1 3 .  1 1 - i n . - O D  She l l  with Medium-Fit Liner (0.0181-in. Clearance) 
Tasted for the Effect of Launch Tube OD (Test No. 4) 

Cycle 

1 

2 

3 

Elapsed 
Time, 

AT, hr 

0 
0 . 3 8  
0 . 4 5  
O. 48 
0 . 5 2  

I n t e r n a l  
P r e s s u r e ,  
Pi' ksi 

0 
20 
40 
60 
70 

C i r c u m f e r e n t i a l  
S t r a i n ,  c t ,  

= i n . / i n . ,  avg  

0 
14 

II0 
208 
256 

D e v e l o p e d  l e a k  i n  i n t e n s i f i e r ,  h a d  t o  
a b o r t  

0 . 6 3  
0 . 6 5  
0 . 6 7  

O. 70 
0 . 7 7  
0 . 8 2  
0 . 8 5  
0 . 8 8  

f o r  r e p a i r s .  

60 
4O 
20 

0 
20 
40 
60 
70 

222 
152 

79 

7 
77 

148 
220 
256 

Seals leaked slightly. 

0.93 43 173 
0.98 70 267 

Seals leaked slightly. 

1.03 40 160 
1.05 60 231 
1.15 70 266 

Seals leaked slightly. 

39 
20 

0 
20 
40 
60 

1 . 2 0  
1 . 2 2  

1 . 2 3  
2 . 6 5  
2 . 6 8  

2 . 7 7  

158 
88 

15 
84 

155 
227 

Longitudinal 
S t r a i n ,  e~ ,  
~in./in., avg  

0 
0 

- 8 

- 2 8  

- 3 0  

- 3 9  

- 3 0  

- 20 

0 
- 9 

- 2 0  

- 2 9  

- 3 0  

- 3 5  

- 3 1  

- 3 6  

- 3 0  
- 3 1  

- 3 5  

- 2 0  

- 1 

- 9 

- 2 0  

- 3 0  
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C y c l e  

3 

c o n t '  d 

4 

E l a p s e d  
Time, 

AT, h r  

Table 13. Continued 

I n t e r n a l  C i r c u m f e r e n t i a l  Lc 
P r e s s u r e ,  S t r a i n ,  c t ,  
PI' ksi ~tln./In., avg ~tl 

2 . 8 5  70 266 
2 . 9 5  75 283 

S e a l s  l e a k e d  s l l g h t l y .  

3 . 0 5  43 171 
3 . 1 2  43 168 
3 . 3 2  70 264 

S e a l s  l e a k e d  s l i g h t l y .  

3 . 4 3  42 166 
3 .48  60 229 
3 . 6 7  70 263 
3 . 7 5  75 282 
3 . 8 0  80 

S e a l s  l e a k e d  s l i g h t l y .  

3 . 8 8  r 45 176 
3 . 9 5  40 160 
3 . 9 8  20 88 
4 .02  0 16 
4 .58  0 I 19 

D i s a s s e m b l e d ,  i n s t a l l e d  new s e a l  on n u t  
end .  Number 2 c i r c u m f e r e n t i a l  gage  
damaged d u r i n g  d i s a s s e m b l y .  

0 0. i 21 
O. 95 20 91 
0 . 9 8  40 160 
1 .03  60 235 

S e a l s  l e a k e d  s l t g . h t l y .  

I ' I 0  1 70 [ 272 
1 .12  75 291 

S e a l s  l e a k e d  s l i g h t l y .  
I I 

L o n g i t u d i n a l  
S t r a i n ,  c~,  
~ t n . / i n .  , av 

- 3 0  

- 3 2  

- 3 7  

- 3 8  

- 3 0  

- 3 2  

- 3 0  

- 3 5  

- 36 
m m m  

- 4 1  

- 4 0  

- 2 1  

- 1 

0 

0 
- 4 

- 1 9  

- 3 1  

- 3 9  

- 4 1  

59 
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C y c l e  

4 

c o n t  ' d 

5 

Table 13. Concluded 

E l a p s e d  
T ime ,  

AT, h r  

1 . 2 2  
1 . 2 8  
1 . 3 0  
1 . 3 3  
1 . 3 7  
1 . 3 8  
1 . 4 0  
1 . 4 2  
1 . 4 3  

1 . 4 5  
1.55 
1.58 
1.62 
1.68 

I h t e r n a l  
Pressure, 

P i '  k s i  

75 
80 
85 
90 
90 
80 
60 
40 
20 

0 
20 
40 
60 
80 

Seals leaked slightly. 

1.73 ! 54 
1 7 5  ! 6o  I 
1 . 8 3  70 
1 . 9 5  75 

S e a l s  l e a k e d  s l i g h t l y .  

2.03 
2.12 
2.18 
2.23 
2.37 
2.50 
2.53 
2.55 
2.57 
2.50 
2 . 8 3  

C i r c u m f e r e n t i a l  
S t r a i n ,  e t , 

a i n . / i n . ,  avg  

294 
310 
332 
355 
361 
325 
250 
180 
105 

28 
98 

162 
240 
320 

225 
247 
281 
300 

54 
70 
75 
80  
90 
80 
60 
40 
20 

0 
0 

225 
282 
300 
320 
360 
330 
252 
182 
105 

28 
30 

R e a d i n g  t a k e n  t o  m o n i t o r  g a g e  d r i f t .  

I I J 

L o n g i t u d i n a l  
S t r a i n ,  e~ ,  
~ i n . / i n . ,  avg 

- 4 1  

- 4 4  

- 4 6  

- 5 0  

- 5 3  

- 5 4  

- 5 0  

- 4 6  

- 3 3  

- 8 

- 1 4  

- 2 5  

- 35 
m m ~  

- 4 9  

- 4 6  

- 4 4  

- 4 5  

- 4 6  

- 4 4  

- 4 4  

- 4 5  

- 4 6  

- 5 3  

- 5 5  

- 4 6  

- 2 6  

- 6 

- 1 

6O 



Tee t 
No. 

5 

8 

10 

Table 14. 

I d e n t i f i c a t i o n  
No. 

52 
14D 

4B 
48 

4B 
49 

Liner and Shell Dimensions after Corn detion of Axial-Force Test 

L e n g t h ,  Pc I , 
Item OD, in. ID, in. in. 5, in. psi 

S h e l l  
L i n e r  

S h e l l  
L i n e r  

S h e l l  
L i n e r  

5 . 5 0 1  
3 . 0 0 4 1  

6 . 9 9 8 3  
3 . 0 0 3 9  

6 . 9 9 8 3  
3 . 0 0 4  

3.002 
2.4803 

3.0007 
2.4898 

3.0007 
2.4878 

1 0 . 1 7 9  
10 .109  

10.178 
10.10 

10.178 
10.117 

0 . 0 0 1 1  

0 .  0016 

0 . 0 0 1 7  

2 , 9 4 1  

4,654 

4,815 

PCE 2, 

p s i  

2 , 8 6 9  

3 ,800  

3 , 6 6 7  

O~ 

N o t e s :  1.  Pc5 - I n t e r f e r e n c e  p r e s s u r e  c a l c u l a t e d  f o r  t h e  
i n t e r f e r e n c e ,  5. 

2 .  Pcc - I n t e r f e r e n c e  p r e s s u r e  c a l c u l a t e d  f o r  t h e  
r e s i d u a l  s t r a i n ,  ¢ .  

TaMe15. TypicelLiner Dimension Changm during Testing 

measured 

measured 

C y c l e  

O r i g i n a l  
D i m e n s i o n s  

1 

2 

3 

I d e n t i f i c a t i o n  
No. 

14A 

14A 

14A 

14A 

OD, in. 

2 . 9 8 1 5  

2 . 9 9 5  

3 . 0 0 1 5  

3 . 0 0 1 5  

ID, in. 

2.4574 

2.4723 

2.480 

2.481 

L e n g t h ,  
i n . ,  av g  

I0. 126 

1 0 . 1 0 7  

1 0 . 1 0 2  

1 0 . 1 0 3 5  

L i n e r  
T h i c k n e s s ,  

0 . 2 6 2 1  

0 . 2 6 1 4  

O. 2 6 0 8  

0 .  2603  

i n .  

m 

O .o 
m 

? 
d 
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APPENDIX A 
BASIC STRESS EQUATIONS 

A-1 CLOSED-END VESSEL 

The  w e l l  k n o w n  Lam4 e q u a t i o n s  f o r  t h e  e l a s t i c  s t r e s s  
d i s t r i b u t i o n  a n d  d e f l e c t i o n  o f  a t h i c k  w a l l e d ,  c l o s e d  p r e s -  
s u r e  v e s s e l  s u b j e c t e d  t o  i n t e r n a l  p r e s s u r e  a r e :  

o r b 2 _ a 2 ( A - l )  

a 2 p .  
1 

o~ b2 _ a2 
(A-2) 

and 

w h e r e  

a n d  

_ • b 2 

o t b 2 _ a2 + (A-3) 

U = 

2 
P. a 

1 

E~b 2 - a 2 )  
( I  - 2 v ) r  + ( I  + v)  b 2 / r ]  ( A - 4 )  

= radial component of stress = psi, 
"r 

o~ = axial component of stress = psi, 

o t = circumferential component of stress = psi, 

u = radial deflection = in., 

P. = applied pressure = psi, 
i 

v = Poisson's ratio, 

a = inside radius of the vessel = in., 

b = outside radius of the vessel = in., 

E = modulus of elasticity = Ib/in~ 
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M o s t  p r e s s u r e  v e s s e l s  a r e  d e s i g n e d  on t h e  b a s i s  o f  t h e s e  
e q u a t i o n s  s o  t h a t  t h e  s t r e s s  n e v e r  e x c e e d s  t h e  y i e l d  s t r e n g t h  
o f  t h e  m a t e r i a l .  When v e s s e l s  a r e  t o  be  d e s i g n e d  f o r  t h e  
maximum l i m i t s  o f  o p e r a t i o n ,  a t h e o r y  o f  f a i l u r e  h a s  t o  b e  
u s e d  i n  c o n j u n c t i o n  w i t h  t h e s e  e q u a t i o n s  t o  p r e d i c t  f a i l u r e  
c o n d i t i o n s .  The m o s t  w i d e l y  a c c e p t e d  o n e  f o r  p r e s s u r e  v e s s e l s  
f a b r i c a t e d  f r o m  d u c t i l e  m a t e r i a l s  i s  t h e  d i s t o r t i o n  e n e r g y  
t h e o r y  ( y o n  M i s e s - H e n c k y  c r i t e r i o n )  o f  f a i l u r e .  By t h i s  
t h e o r y  

2~y  2 = ( ~ r  - ~ ) 2  + ( ~  _ g t ) 2  + (-~r - ~ t  ) 2  (A-5) 

w h e r e  

~y the yield strength of the material = psi 

In words, Eq. (A-5) states that when the stress state is such 
that the right side of the equation equals two times the 
square of the material yield strength, the vessel is in a 
state of incipient yielding. If the right side is less than 
the left, then no yielding should occur. If the right side 
is larger, yielding should occur at some lower pressure level. 
Thus, Eqs. (A-l) through (A-S) and Eq. (A-5) can be used to 
determine the pressure just sufficient to cause bore yielding. 
Evaluation of Eqs. (A-l) through (A-S) at r = a and substitu- 
tion of the results into Eq. (A-5) yields 

w h e r e  

and 

~y 

P = pressure just sufficient to cause bore 
Y yielding = psi 

K = ratio of b to a. 

(A-6) 

If the pressure exceeds Py, the vessel will have an 
inner plastic zone surrounded by an elastic outer one. The 
stresses in the inner plastic zone are defined by Eel. 5, i.e., 
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m m m o r ~ ~n r P i (A-7) 

~y ~nr+ (A-8) 

and  

m m ~t ~ ~n r P + 1 (A-9)  

The s t r e s s e s  i n  t h e  o u t e r  e l a s t i c  z o n e  a r e  

_ C~y p/7 p2 / 
r 2 /  

(A-IO) 

~ . ~  b 2 
(A-11)  

a n d  

~t 7 + (A-12)  

w h e r e  

p = r a d i u s  o f  t h e  p l a s t i c  f r o n t  = i n .  

A r e l a t i o n  b e t w e e n  t h e  a p p l i e d  p r e s s u r e  and  t h e  r a d i u s  
o f  t h e  p l a s t i c  f r o n t ,  p ,  c a n  be  o b t a i n e d  by  r e c o g n i z i n g  t h a t  
Eq. (A-7)  m u s t  s t i l l  e q u a l  m i n u s  P a t  t h e  v e s s e l  i n n e r  r a d i u s  
r = a .  Thus ,  

PP ~ ~ n P + a  1 - (A-13)  

P = p r e s s u r e  t o  c a u s e  y i e l d i n g  t o  a r a d i u s  
P p = psi. 

6 5  
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F u l l  p l a s t i c i t y  o c c u r s  when t h e  p l a s t i c  f r o n t  ha s  p r o g r e s s e d  
t o  t h e  o u t e r  r a d i u s  o f  t h e  v e s s e l ;  h e n c e ,  f r o m  Eq. (A-13 ) ,  
w i t h  p = b ,  

2 Cy ~n K (A-14)  Pf  - ~ / ~  

w h e r e  

Pf  = f u l l - w a l l  y i e l d  p r e s s u r e .  

By t h e  g e n e r a l  t h e o r y  o f  p l a s t i c i t y ,  y i e l d i n g  w i l l  
p r o g r e s s  t h r o u g h  t h e  w a l l  a t  c o n s t a n t  s t r e s s ,  i . e . ,  Eqs .  
(A-7)  t h r o u g h  (A-9)  w i l l  s a t i s f y  Eq. ( A - 5 ) .  Fo r  v e s s e l s  

whose  u l t i m a t e  i s  g r e a t e r  t h a n  i t s  y i e l d  s t r e n g t h ,  b u r s t i n g  
s h o u l d  o c c u r  a f t e r  t h e  w a l l  h a s  c o m p l e t e l y  y i e l d e d .  F a u p e l  
( R e f .  4) p o s t u l a t e s  t h a t  b u r s t  o f  t h e  v e s s e l  w i l l  be  g o v e r n e d  

by  t h e  e x p r e s s i o n  

Pb = . ,p-   A-J.5  

w h e r e  

Pb = b u r s t  p r e s s u r e  = p s i  

and  

~u = m a t e r i a l  u l t i m a t e  s t r e n g t h  = p s i .  

The e q u a t i o n  r e p r e s e n t s  an a t t e m p t  t o  a v e r a g e  t h e  e f f e c t s  o f  
an u l t i m a t e  h i g h e r  t h a n  t h e  y i e l d .  O b v i o u s l y ,  i f  ~y = ~u t h e n  
Pf = Pb; h o w e v e r ,  i f  ~u > ~y t h e n  Pb > Pf"  

The a b o v e  e q u a t i o n s  a r e  a p p l i c a b l e  f o r  t h e  l a u n c h  t u b e  
d u r i n g  t h e  a u t o f r e t t a g e  p r o c e s s ,  i . e . ,  t h e  b o r e  y i e l d  c a n  be  
c a l c u l a t e d  by  Eq. ( A - 6 ) ,  f u l l - w a l l  y i e l d  by Eq.  ( A - 1 4 ) ,  and  
b u r s t  by  Eq. ( A - 1 5 ) .  

A-2 OPEN-END VESSEL WITH A PRESSURE END LOAD 

The l i n e r  f o r  t h e  l a u n c h  t u b e  a u t o f r e t t a g e  s e t u p  c a n  be  
a n a l y z e d  as  an o p e n - e n d e d  v e s s e l  w i t h  t h e  p r e s s u r e  a p p l i e d  t o  
t h e  b o r e  and  t o  t h e  e n d s  o f  t h e  o p e n  v e s s e l .  E q u a t i o n s  ( A - l )  
and  (A-3)  a r e  s t i l l  a p p l i c a b l e ;  h o w e v e r ,  Eq.  (A-2)  b e c o m e s  

o-~ = -P. (A-16) 
I 
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S u b s t i t u t i o n  o f  E q s .  ( A - l ) ,  ( A - 3 ) ,  and (A-16)  e v a l u a t e d  a t  
r ffi a ,  i n t o  Eq.  ( A - 5 )  y i e l d s  

(K 2 - l )  

Py = 2K 2 ~y ( A - 1 7 )  

N o t e  t h a t  b o r e  y i e l d  p r e s s u r e s  c a l c u l a t e d  f r o m  Eq.  ( A - 6 )  w i l l  
b e  a b o u t  1 5 . 5  p e r c e n t  h i g h e r  t h a n  t h o s e  c a l c u l a t e d  f r o m  Eq.  
( A - 1 7 )  f o r  t h e  d i m e n s i o n s  o f  i n t e r e s t  i n  t h i s  r e p o r t .  T h u s ,  

m o r e  p r e s s u r e  i s  r e q u i r e d  t o  y i e l d  a c l o s e d - e n d  v e s s e l  t h a n  
an  o p e n  o n e  w h i c h  h a s  a c o m p r e s s i v e  a x i a l  s t r e s s  e q u a l  t o  
t h e  a p p l i e d  p r e s s u r e .  

Once  t h e  a p p l i e d  p r e s s u r e  e x c e e d s  t h e  v a l u e  c a l c u l a t e d  
f r o m  Eq.  ( A - 1 7 ) ,  an  i n n e r  z o n e  o f  t h e  v e s s e l  b e c o m e s  p l a s t i c .  
O t h e r s  h a v e  s h o w n  t h a t  o n e  may a s s u m e  

ffi 1 (a t + ~r ) ( A - l S )  

an  e x a c t  r e l a t i o n s h i p  f o r  t h e  e l a s t i c  z o n e  - s e e  E q s .  ( A - I ) ,  
( A - 2 ) ,  a n d  (A-3 )  i n  t h i s  r e g i o n  f o r  l o n g ,  c l o s e d  v e s s e l s  
s u b j e c t  t o  e i t h e r  e x t e r n a l  o r  i n t e r n a l  p r e s s u r e .  T h i s  i s  
e q u i v a l e n t  t o  a s s u m i n g  p l a n e  s t r a i n  (c~  = O) e x i s t s  i n  t h e  
p l a s t i c  z o n e .  O b v i o u s l y  t h i s  i s  n o t  e x a c t l y  t r u e  s i n c e  t h e r e  
i s  a s t r a i n  i n  t h e  e l a s t i c  z o n e  c a u s e d  by  t h e  p r e s s u r e  f o r c e  
i n  t h e  a x i a l  d i r e c t i o n  a n d  t h e  t r a n s i t i o n  b e t w e e n  t h e  e l a s t i c  
a n d  p l a s t i c  z o n e s  s h o u l d  b e  c o n t i n u o u s .  The  j u s t i f i c a t A o n  
f o r  t h e  a s s u m p t i o n  i s  t h a t  t h e  p l a n e  s t r a i n  c a s e  i s  e a s i e r  t o  
d e r i v e ,  i s  a p p r o x i m a t e l y  c o r r e c t  f o r  l o n g  v e s s e l s ,  a n d  i s  
e x a c t l y  c o r r e c t  f o r  t h e  e l a s t i c  r e g i o n .  

I f  t h e  a s s u m p t i o n  i s  m a d e  t h a t  Eq.  ( A - 1 8 )  a l s o  h o l d s  f o r  
t h e  o p e n - e n d  v e s s e l  w i t h  a p r e s s u r e  e n d  l o a d  a n d  Eq.  ( A - 1 8 )  
i s  s u b s t i t u t e d  i n t o  Eq.  ( A - 5 ) ,  t h e  r e s u l t s  a r e  

a t - o r ~- ( A - 1 9 )  

f o r  t h e  p l a s t i c  z o n e .  

The governing equilibrium equation, which is valid 
throughout the cylinder, is 

d ~ r  1 

d r  r ( ~ t -  ~r )" (A-20)  
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S u b s t i t u t i o n  o f  Eq.  (A-19)  i n t o  Eq.  (A-20 )  a n d  i n t e g r a t i o n  
o f  t h e  r e s u l t s  y i e l d s  

2 ~y 
~r ~ -  ~n r + c 1 (A-21)  

w h e r e  c 1 i s  a c o n s t a n t  o f  i n t e g r a t i o n .  

E q u a t i o n  (A-21 )  a p p l i e s  t o  t h e  i n n e r  p l a s t i c  z o n e ;  how-  
e v e r ,  i t  i s  a l s o  v a l i d  a t  t h e  e l a s t i c - p l a s t i c  i n t e r f a c e .  At  
t h i s  i n t e r f a c e ,  d e n o t e d  by  r a d i u s  r = p ,  t h e  r a d i a l  s t r e s s  
i s  j u s t  s u f f i c i e n t  t o  c a u s e  i n c i p i e n t  y i e l d i n g  o f  t h e  o u t e r  
e l a s t i c  z o n e .  T h u s ,  f r o m  Eq.  (A-17)  

~r = - P y  = - b 2 qy (A-22 )  
2 - -  

2 
P 

The c o n s t a n t  c 1 i n  Eq. .  (A-21)  c a n  be  e v a l u a t e d  by  e q u a t i n g  
E q s .  (A-21)  and  (A-22 )  a t  r = p.  S u b s t i t u t i o n  o f  t h i s  r e s u l t  
i n  Eq.  (A-21)  y i e l d s  

~r = Zy £n 
r b 2 _ p2~ 

p 2b 2 / ( A - 2 3 )  

The hoop  and  a x i a l  s t r e s s e s  i n  t h e  p l a s t i c  z o n e  c a n  be  
o b t a i n e d  by  s u b s t i t u t i o n  o f  Eq.  (A-23)  i n t o  Eqs .  (A-18)  a n d  
( A - 1 9 ) ,  i.e., 

~ t  = ~y + ~n 2b 2-  p 
('A-24) 

c~ ~y + ~'n - _ ~,2 

2b 2 
(A-25) 

The pressure required to fully yield the wall can be obtained 
from Eq. (A-23) by the substitution ~r = -Pi r = a, and 
p = b. Thus, 
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_ 2 
Pf  ~ f ~  ~y ~n K (A-26)  

N o t e  t h a t  E q s .  (A-26)  a n d  (A-14)  a r e  i d e n t i c a l .  T h i s  m e a n s ,  
o b v i o u s l y ,  t h a t  t h e  same i n t e r n a l  p r e s s u r e  w i l l  c a u s e  f u l l -  
w a l l  y i e l d i n g  f o r  b o t h  c a s e s .  

S i n c e  t h e  b o r e  y i e l d  p r e s s u r e  i s  l o w e r  f o r  t h e  o p e n - e n d  
v e s s e l  w i t h  a n  a p p l i e d  c o m p r e s s i v e  e n d  l o a d ,  one  w o u l d  
r e a s o n a b l y  e x p e c t  a l o w e r  f u l l - w a l l  y i e l d  p r e s s u r e .  The 
i n a c c u r a c y  r e s u l t s  d i r e c t l y  f r o m  t h e  a s s u m p t i o n  t h a t  Eq.  
(A-18)  i s  v a l i d  i n  t h e  p l a s t i c  r e g i o n .  By m a n i p u l a t i o n  o f  
E q s .  ( A - 1 6 ) ,  ( A - l ) ,  and  (A-3)  i t  c a n  be  shown t h a t  

~r + ~t ~t- ~r ( r )  
~ - (A-27)  

2 2 

i n  t h e  e l a s t i c  v e s s e l .  P e r h a p s  a more  r e a s o n a b l e  a s s u m p t i o n  
f o r  t h e  p l a s t i c  z o n e  w o u l d  be  t h a t  Eq.  (A-27)  r a t h e r  t h a n  
Eq.  (A-18)  i s  a p p l i c a b l e .  The d e r i v a t i o n  t h a t  f o l l o w s  i s  
b a s e d  on t h i s  p r e m i s e .  

S u b s t i t u t i o n  o f  Eq.  (A-27)  i n t o  t h e  y i e l d  c o n d i t i o n  o f  
Eq. (A-5)  y i e l d s  

2a 2 ~y 

~ t  - ~r  . ~ 3 a  4 + r 4  

With this result, the equilibrium equation, Eq. 
written 

( A - 2 8 )  

( A - 2 0 ) ,  c a n  be  

~r = 2 ~y a 2 /  d r  

r ~ 3 a  4 + r 4 
( A - 2 9 )  

2 
L e t  x = r , t o  c h a n g e  t h e  a b o v e  t o  a s t a n d a r d  fo rm s u i t a b l e  
f o r  i n t e g r a t i o n ,  t h e n  Eq. (A-29)  becomes  

~r=~y a2fx4 3 + x 2 
(A-30)  

and  

6 9  



AEDC-TR-76-19 

= _ ~y c s c h - 1  r 2  ~r ~f~ a2~  + c2 (A-31) 

The c o n s t a n t  o f  i n t e g r a t i o n  can  be e v a l u a t e d  f rom t h e  
b o u n d a r y  c o n d i t i o n  

b 2 _ @2 
c r = -P  - Cy a t  r = p 

Y 2b 2 
(A-32)  

Thus ,  Eq. (A-31) becomes 

~-~Y [~33 I csch-I p2 r ~  / p2 1 ar  -- 2 a ~ - f  ~ c s c h - I  a~ - 1 + ~-~ (A-33) 

S u b s t i t u t i o n  of  Eq. (A-33) i n t o  Eq. 

- T  s h-1 

(A-28) y i e l d s  

c s c h - 1  a r T ~ /  

p2 4a2 1 
- 1 + ~-~ + 4 3a4 + r 4 

(A-34) 

The r e l a t i o n s h i p  b e t w e e n  t h e  a p p l i e d  i n t e r n a l  p r e s s u r e  
and t h e  r a d i u s  of  t he  p l a s t i c  f r o n t  can  be o b t a i n e d  f rom 
Eq. (A-33) by a p p l y i n g  t h e  b o u n d a r y  c o n d i t i o n s  

ar  = - P i  a t  r = a 

Thus, 
P _ _ s c h -  1 p2 D2 

P 2 ~ -  c s c h  -1  a~ + 1 - - - b  2 (A-35) 

F u l l  p l a s t i c i t y  i s  r e a c h e d  when t h e  r a d i u s  of  t h e  p l a s t i c  
f r o n t  e x t e n d s  to  p = b ,  i . e . ,  

p f  _ ~  c s c h - 1  1 -1  K 2 (A-36) 
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For comparison purposes, assume a pressure vessel with 
an OD = 3 in. and an ID = 2.5 in. For Case I, consider a 
closed vessel with an ,internal pressure. Equations ~A-6) and 
(A-14) apply and yield 

and 

Pyl  = 0 .176  ~y (A-37) 

Pfl = 0. 211 ay (A-38) 

For Case 2, consider an open vessel with the pressure acting 
on the bore and the ends. Equations (A-17) and (A-36) apply 
and yield 

Py2 = 0 . 1 5 3  ay (A-39) 

and 

Pf2 = 0.173 ~y (A-40) 

Note that the ratios between corresponding pressures have the 
following values 

Pyl _ 

P y2 
1 . 1 5  (A-41) 

and 

Pfl 
- 1.22 

Pf2. 
(A-42) 

If the usual plane strain assumption had been made for 
Case 2, Eqs. (A-17) and (A-26) would apply. Thus, the ratio 
of Eq. (A-41) would have the same value and the ratio of 
Eq. (A-42) would be equal to one. That is, the closed-end 
vessel would require 15 percent more pressure for bore yield 
than the open-end one; however, they would both reach full- 
wall yield at the same pressure. This result would be 
counter to normal logic. The trend shown in Eqs. (A-41) and 
(A-42) are more logical and tend to verify the assumption 
made in Eq. (A-27). Hence, it will be assumed that the liner 
for the launch tubes will be governed by Eqs. (A-17) and 
(A-36) during the autofrettage procedure. 
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A-3 OPEN-END VESSEL WITHOUT END LOAD 

The a u t o f r e t t a g e  t e s t  a r t i c l e  d e s c r i b e d  i n  t h i s  r e p o r t  
i n v o l v e s  a l i n e r  w h i c h  c a n  be  c o n s i d e r e d  an o p e n - e n d  p r e s s u r e  
v e s s e l  w i t h o u t  any  a x i a l  l o a d .  For  t h e s e  c o n d i t i o n s ,  E q s .  
( A - l )  and  (A-3)  a r e  s t i l l  a p p l i c a b l e  a n d  Eq. (A-2)  b e c o m e s  

cy£ = 0 (A-43)  

S u b s t i t u t i o n  o f  Eqs .  ( A - l ) ,  ( A - 3 ) ,  and  (A-43)  i n t o  Eq. (A-5)  
e v a l u a t e d  a t  r = a y i e l d s  

(K 2 - I )  ~y 
P = ( A - 4 4 )  

Y 4 1  + 3K 4 

f o r  t h e  b o r e  y i e l d  p r e s s u r e .  

H o f f m a n  and  S a c h s  ( R e f .  5)  show t h a t  

d~ r J 4 ~ y  2 3~ r  2 
- - ~ r  

dr  2r  
= 0 (A-45)  

may b e  o b t a i n e d  by  s o l v i n g  Eq.  (A-5)  f o r  ~t  and  s u b s t i t u t i n g  
t h e  r e s u l t s  i n t o  Eq. ( A - 2 0 ) .  The q u o t e d  r e f e r e n c e  a l s o  shows  
t h a t  t h e  s o l u t i o n  o f  t h i s  e q u a t i o n  i s  

~n r = ~ s i n - 1 / ~  ~ r \  1 3~ r  ~r 
2 - + % 4~y 2 

(A-46)  

w h e r e  

= ~ : n b  c 3 

E q u a t i o n  (A-46)  g o v e r n s  i n  t h e  p l a s t i c  z o n e  f o r  t h e  v e s s e l ;  
h e n c e ,  i f  t h e  v e s s e l  i s  i n  a s t a t e  o f  f u l l  p l a s t i c i t y  

fir = -Pf at r = a 

and  
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lJ 3 
(A-47) 

E q u a t i o n  ( A - 4 7 )  h o l d s  f o r  t h e  l i n e r  i n  t h e  a u t o f r e t t a g e  
t e s t  r i g  up  t o  t h e  p o i n t  i t  m a k e s  c o n t a c t  w i t h  t h e  o u t e r  
s h e l l .  When c o n t a c t  i s  m a d e ,  an  e x t e r n a l  p r e s s u r e  d e v e l o p s  
on  t h e  l i n e r  o u t s i d e  s u r f a c e .  

% 

A 4  OPEN-END VESSEL WITH AN INTERNAL AND EXTERNAL PRESSURE 

F o r  t h e  c a s e  o f  an  o p e n - e n d  c y l i n d e r ,  w i t h  b o t h  a n  
i n t e r n a l  a n d  e x t e r n a l  p r e s s u r e ,  t h e  p r e v i o u s  Lam4 e q u a t i o n s  
b e c o m e  

~£ = 0 (A-48) 

- K 2 Po Pi b 2 Pi - Po 
- (A-49) 

ar K 2 - 1 r 2 + K 2 - 1 

= - K 2 -(Po Pi ) b 2 Pi - Po 
-- ( A - 5 0 )  

~ t  K 2 - 1 r 2 + K 2 - 1 

w h e r e  Po = e x t e r n a l  p r e s s u r e ,  p s i .  

S u b s t i t u t i o n  o f  E q s .  ( A - 4 8 )  t h r o u g h  ( A - 5 0 )  i n t o  Eq.  
( A - 5 )  f o r  r = a y i e l d s  

p 2 ( I  + 3K2)" p . 2  _ z (3K 4 + I )  
o PoPi + 

2K 2 4K 4 

2~y2 (K2 - I) 2 

8K 4 = 0 ( A - 5 1 )  

This equation expresses the relationship between the internal 
and external pressure for incipient yielding at the bore. 
Solution of Eq. (A~51) for Pi yields 

Pi = S + ~a 2 - 4~ = p (A-52) 
2 Y 

73 



AEDC-TR-76-19 

w h e r e  

= 

+ 3 K 4 ]  
(A-53)  

4K2Po 2 ~y2 (K2 _ 1 )  2 

1 + 3K 4 1 + 3K 4 
(A-54)  

C o m p a r i s o n  o f  Eq. (A-44)  t o  Eq. (A-52)  w i l l  show t h a t  a 
g r e a t e r  i n t e r n a l  p r e s s u r e  i s  r e q u i r e d  t o  y i e l d  an  o p e n - e n d  
p r e s s u r e  v e s s e l  i n  t h e  p r e s e n c e  o f  an  e x t e r n a l  p r e s s u r e .  

E q u a t i o n  (A-46)  a l s o  a p p l i e s  i n  t h e  p l a s t i c  z o n e  f o r  t h e  
o p e n - e n d  v e s s e l  w i t h  b o t h  i n t e r n a l  and  e x t e r n a l  p r e s s u r e .  
The o n l y  c h a n g e  i s  t h a t  t h e  c o n s t a n t  c 3 h a s  t o  be  d e t e r m i n e d  
f r o m  t h e  b o u n d a r y  c o n d i t i o n  Or = - P o  a t  r = b .  E v a l u a t i o n  o f  
t h e  c o n s t a n t ,  c 3 ,  a s  i n d i c a t e d  and  s u b s t i t u t i o n  o f  ~r  = - P i  
a t  r = a i n t o  Eq.  (A-46)  y i e l d s  

w h e r e  

_ n _' sin-11 p I 3Pi2 
4~y 2 

+~+¢ 

= - sin -1 y 

(A-55)  

(A-56)  

I~ "3p 2 p 1 1 ~n o o 
2 40'y 20"y 

= - - ----,j + -- (A-57) 

E q u a t i o n  (A-55)  e x p r e s s e s  t h e  r e l a t i o n s h i p  b e t w e e n  Po 
and  P i  f o r  an  o p ~ n - e n d  c y l i n d e r  i n  t h e  f u l l y  p l a s t i c  s t a t e .  
I n  t h e  p r e s e n c e  o f  an  e x t e r n a l  p r e s s u r e ,  a g r e a t e r  i n t e r n a l  
p r e s s u r e  i s  r e q u i r e d  t o  m a i n t a i n  t h e  c y l i n d e r  i n  p l a s t i c  
e q u i l i b r i u m .  
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A-5 TEST RIG DISCREPANCIES 

I n  t h e  a c t u a l  s e t u p  f o r  r e l i n i n g  l a u n c h  t u b e s ,  t h e  l i n e r  
i s  s u b j e c t e d  t o  an i n t e r n a l  p r e s s u r e  and  an  a x i a l  e n d  l o a d .  
The t e s t  r i g  s e t u p  e l i m i n a t e s  t h e  a x i a l  l o a d  ( n e g l e c t i n g  
f r i c t i o n )  and  s u b j e c t s  t h e  l i n e r  t o  o n l y  an  i n t e r n a l  p r e s -  : 
s u r e .  A c o m p a r i s o n  o f  Eqs .  (A-17)  t o  (A-44)  and  (A-36)  t o  
(A-47)  w i l l  show t h a t  a s e v e n -  t o  t e n - p e r c e n t  g r e a t e r  p r e s -  
s u r e  i s  r e q u i r e d  t o  r e a c h  y i e l d  c o n d i t i o n s  w i t h o u t  t h e  e n d  
l o a d  on  t h e  l i n e r  f o r  K = b / a  = 3 . 0 / 2 . 5  = 1 . 2  a n d  ~y = 7 5 , 0 0 0  
p s i .  C o n s e q u e n t l y ,  t h e  r e s u l t s  a c h i e v e d  w i t h  t h e  t e s t  r i g  
w i l l  be  c o n s e r v a t i v e  when a p p l i e d  t o  t h e  a c t u a l  l a u n c h  t u b e s .  
T h a t  i s ,  t h e  p r e s s u r e s  r e q u i r e d  t o  s e a t  t h e  l i n e r ,  a s  d e t e r -  
m i n e d  f r o m  t h e  t e s t  r i g  s e t u p ,  s h o u l d  be  s l i g h t l y  h i g h e r  
t h a n  r e q u i r e d  f o r  t h e  a c t u a l  l a u n c h  t u b e s .  
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APPENDIX B 
CALCULATION OF CONTACT PRESSURE FROM 

MEASURED STRAIN-GAGE DATA 

S i n c e  t h i s  e x p e r i m e n t  a c t u a l l y  m e a s u r e s  t h e  s t r a i n  on  
t h e  o u t s i d e  o f  t h e  s h e l l ,  s o m e  m e a n s  o f  r e l a t i n g  t h i s  t o  a n  
i n t e r n a l  ( c o n t a c t )  p r e s s u r e  b e t w e e n  t h e  l i n e r  a n d  s h e l l  i s  
r e q u i r e d .  H o o k e ' s  Law f o r  o~ = 0 a n d  o r = 0 i s  

a t 
~t = ~ -  (B-I) 

w h e r e  

ffi c i r c u m f e r e n t i a l  s t r a i n  
t 

U s i n g  t h e  s t a n d a r d  Lam@ e q u a t i o n  f o r  a t h i c k - w a l l  p r e s s u r e  
v e s s e l  w i t h  a n  i n t e r n a l  p r e s s u r e ,  Eq .  ( A - 3 ) ,  t h e  c i r c u m -  
f e r e n t i a l  s t r e s s  a t  t h e  o u t e r  s u r f a c e  o f  t h e  s h e l l ,  r ffi b ,  
i s  

2 Pi 
(B-2) 

° t  k 2 - 1 

S u b s t i t u t i o n  o f  Eq .  ( B - 2 )  i n t o  Eq .  ( B - l )  y i e l d s  

E c t (K  2 - 1 )  

P i  -- = Pc ( B - 3 )  
2 

T h i s  f o r m u l a  w i l l  c a l c u l a t e  t h e  c o n t a c t  p r e s s u r e  
b e t w e e n  t h e  l i n e r  a n d  o u t e r  s h e l l  c o r r e s p o n d i n g  t o  t h e  
m e a s u r e d  s t r a i n  

t '  
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a 

b , d  

c 1 , c 2 

c 3 
E 

F 

I 

ID 

i n .  

K 

k i p s  

k s i  

l b  

N 

OD 

Pb 
P 

C 

Pf  

P i  

Po 
P 

Y 

Pc 5 

P 
CE 

P 
9 

Pau t o  
p s i  

r 

T 

NOMENCLATURE 

I n s i d e  r a d i u s  o f  c y l i n d e r ,  i n .  ~: 

O u t s i d e  r a d i u s  o f  c y l i n d e r ,  i n .  

C o n s t a n t s  o f  i n t e g r a t i o n  

~n b ,  Eq.  ( A - 4 6 )  

Modulus  o f  e l a s t i c i t y ,  p s i  

F r i c t i o n a l  f o r c e ,  l b  

Moment o f  i n e r t i a ,  i n .  4 

I n s i d e  d i a m e t e r  

I n c h e s  

R a t i o  o f  o u t s i d e  r a d i u s  t o  i n s i d e  r a d i u s  

K i l o p o u n d s  

K i l o p o u n d s  p e r  s q u a r e  i n c h  

L e n g t h  o f  l i n e r ,  i n .  

P o u n d s  

F o r c e  p e r p e n d i c u l a r  t o  t h e  s l i d i n g  s u r f a c e ,  l b  

O u t s i d e  d i a m e t e r , .  

B u r s t  p r e s s u r e ,  p s i  

E x p e r i m e n t a l l y  d e t e r m i n e d  c o n t a c t  p r e s s u r e ,  p s i  

F u l l - w a l l  y i e l d  p r e s s u r e ,  p s i  

I n t e r n a l  p r e s s u r e ,  p s i  

T h e o r e t i c a l  e x t e r n a l  p r e s s u r e ,  p s i  

P r e s s u r e  j u s t  s u f f i c i e n t  t o  c a u s e  b o r e  
y i e l d i n g ,  p s i  

C o n t a c t  p r e s s u r e  c a l c u l a t e d  f rom a known r a d i a l  
i n t e r f e r e n c e ,  p s i  

C o n t a c t  p r e s s u r e  c a l c u l a t e d  f r o m  a known 
r e s i d u a l  s t r a i n ,  p s i "  

P r e s s u r e  t o  c a u s e  y i e l d i n g  t o  a r a d i u s ,  9,  p s i  

A u t o f r e t t a g e  p r e s s u r e ,  p s i  

Pounds  p e r  s q u a r e  i n c h  

A r b i t r a r y  r a d i u s ,  i n .  

T ime,  h r  
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U 

Y 

B 

A 

5 

E 

CR 
'9 

b i n . / i n .  

V 

,'/r 

P 
G 

% 
~y 

g, 

SUBSCRIPTS 

r 

t 

Radial deflection, in. 

Required deflection, in. 

A r b i t r a r y  f u n c t i o n ,  Eq. (A-53)  

D i f f e r e n c e  

R a d i a l  i n t e r f e r e n c e ,  i n .  

S t r a i n  ( ~ i n . / i n . )  

R e s i d u a l  c i r c u m f e r e n t i a l  s t r a i n  ( ~ i n . / i n . )  

A r b i t r a r y  f u n c t i o n ,  Eq. (A-54) 
C o e f f i c i e n t  o f  f r i c t i o n  

M i c r o i n c h e s / i n c h  

P o i s s o n ' s  r a t i o  

C o n s t a n t  = 3 . 1 4  

R a d i u s  o f  p l a s t i c  f r o n t ,  i n .  

S t r e s s ,  p s i  

M a t e r i a l  u l t i m a t e  s t r e n g t h ,  p s i  

M a t e r i a l  y i e l d  s t r e n g t h ,  p s i  

A r b i t r a r y  f u n c t i o n ,  Eq. (A-57)  

A r b i t r a r y  f u n c t i o n ,  Eq. (A-56) 

L o n g i t u d i n a l  

R a d i a l  

C i r c u m f e r e n t i a l  
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